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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
The main focus of pig selection in the past several decades was to breed animals that 
would simultaneously possess the ability to grow fast and have an increased percentage of 
lean muscle. The genetic progress achieved was outstanding, but there were also some 
negative aspects, mainly an overall decrease in several meat quality parameters (Lonergan et 
al., 2001). Presently, pork producers worldwide can use a combination of established and 
emerging technologies, as well as intensive farming practices, to reduce production costs, but 
they also face the challenge of producing a wholesome product in an environment of 
increased global competitiveness and consumer awareness (van Bameveld, 2003). In 
addition, consumers now desire pork products that will be tasteful, affordable and safe, and 
they also place special emphasis on reduced levels of fat in pork. This situation has a direct 
impact on pig producers worldwide because, besides the traditional concern of keeping 
acceptable lean growth rates, they also must worry about improving some pork quality 
parameters needed to meet consumer and industry requirements. 
The primary attributes of pork quality can be grouped in three main categories: 1) 
technological properties of pork (as fresh meat or as raw matter for processing), 2) sensory 
quality of fresh pork and other processed pork products, and 3) the quality of fat depots 
(Sellier, 1998). In general, our understanding of the complexity inherent in the traits that 
directly relate to pork quality is advancing, but further research is needed in areas where our 
knowledge is still lagging relative to what would be desirable. In addition, the vast majority 
of meat quality traits are only collected after the animal is sacrificed, making impossible their 
use in breeding programs. This problem can be partially solved by using traditional 
quantitative genetics approaches, based on pedigree information and phenotypes collected on 
relatives. However, ideally the same animal on which the phenotype is collected or inferred 
should also be used for breeding purposes, and this is the area where molecular genetic 
marker information can be extremely helpful. If genes associated with desirable pork quality 
phenotypes are identified, genetic tests for these genes can be developed and used in 
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selection of the animals that carry the preferred genotypes, with the additional advantage that 
this screening step can be done at an early stage of the animal's life. 
Furthermore, meat quality phenotypes are also expensive to collect, which usually 
limits the number of traits that can be collected and also the number of individuals on which 
these traits are measured. The best case scenario would be to identify traits that could be 
measured in the living animal and use them as predictors of pork quality traits that otherwise 
would only be collected by sacrificing the animal. This emphasizes the need to clearly 
establish the relationships among the meat quality traits and also their relationships with 
other traits that can easily be collected in the animal before harvesting. 
Besides their importance for the traditional fresh pork industry, pork quality 
parameters are also essential for the segment of the pig industry involved in the production of 
transformed pork products. Around the world, there are many examples of traditional pork 
products that follow production practices frequently passed on from one generation to the 
next. Among some examples of these specialized pork products one can include several types 
of dry-cured hams produced in the Mediterranean region (Toldra and Flores, 1998) and the 
Country Hams produced in the southeast of the USA (Stalder et al, 2006). Despite the fact 
that the volume of production of these specialized products is much smaller when compared 
with the traditional fresh pork market, these products are associated with increased quality 
and are in high demand. Hence, they represent small, but very lucrative, niche markets that 
are very appealing for pig producers. 
In addition to constituting an important alternative to the regular fresh pork market, 
these traditional pork products also may play a role in the conservation of pig genetic 
resources around the world, because in numerous situations the production of a specific type 
of ham (or sausage) is based on the use of individuals from one or more local pig breeds, as 
is the case for the Iberian pig, which is used for the production of dry-cured hams in Spain 
and Portugal. However, both the products and the breeds used in their manufacture "could 
benefit from a better characterization of the production systems. The application of modern 
animal breeding techniques in the context of dry-cured hams, for example, would more than 
likely translate into immediate improvements in performance of the breeds used, in quality of 
the final product and, ultimately, would also increase profit for the producer. But, in order to 
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implement these breeding strategies, information on the phenotypes of interest, pedigrees, 
genetic and phenotypic correlations and, eventually, molecular markers, are needed. 
Unfortunately, this information is not available in most of the cases. For this reason an effort 
has to be made to fill in this gap if genetic progress for this type of pork production and 
products is to be achieved. 
Several genes and chromosomal regions associated with pork quality have already 
been identified (Bidanel and Rothschild, 2002). The approaches used in the identification of 
these regions include the direct study of genes thought to affect a meat quality phenotype, 
which is usually referred to as the candidate gene approach. Another approach is the use of 
specialized resource families, obtained in most studies by crossing two breeds that are 
phenotypically divergent (e.g. Berkshire and Large White), and using random genetic 
markers distributed through the genome to scan for regions associated with meat quality 
(Rothschild et al., 2004). One of the pig genome regions associated with meat quality is pig 
chromosome 17 (SSC 17), where five quantitative trait loci (QTL) for meat color, lactate and 
glycolytic potential were identified (Malek et al., 2001). In addition to these QTL, numerous 
others QTL affecting growth, carcass composition and meat quality traits have also been 
identified. A database that includes most of these QTL has also been established (Hu et al., 
2005). 
However, these QTL usually span intervals that vary from 10-20 cM, which makes 
their use in pig breeding schemes very difficult, if not impossible. The best way to utilize 
these QTL in pig breeding schemes is to identify the genes that are responsible for the 
observed QTL. In order to achieve this, the first step is to obtain high resolution genetic 
linkage maps for the chromosomal region where the QTL are located, which can be achieved 
by increasing the marker density in these regions. Then, using these linkage maps, new QTL 
profiles need to be obtained. The next step is to find the region(s) under the QTL where the 
genes that are more likely to contain the causative mutation for the QTL are located, which is 
usually achieved by using linkage disequilibrium and/or linkage equilibrium methods that 
explore the association between the additional markers and the QTL trait. After this region is 
identified, then differences at the DNA level between the two breeds can be identified and 
used to further resolve the QTL. At this point, having the full sequence of the QTL region is 
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obviously very beneficial, as it allows for more rapid identification of polymorphisms. Once 
one particular mutation stands out as a potential causative mutation, its effect should also be 
validated in outbred populations where the mutation is segregating. Ideally, the last step of 
the process would include the functional confirmation that one given mutation is indeed the 
causative mutation for the trait. 
In practice, the dissection of these complex phenotypic traits has proved to be a 
tremendous challenge, and to date only a few studies were successful in identifying the 
causative mutations for QTL identified in several livestock species (Milan et al., 2000; 
Ciobanu et al., 2001; Blott et al., 2002; Van Laere et al., 2003; Grisart et al., 2004, Ciobanu 
et al., 2004). Recent advances in genomic resources of several farm animal species, such as 
genome sequencing and development of high density single nucleotide polymorphism (SNP) 
maps, will be extremely helpful for the deciphering of the complex traits of interest. 
The work presented here expands our understanding of the relationships among 
important traits for the production of Country Hams, identifies genetic markers for the 
production of Country Hams, increases the marker density on a QTL region for meat quality 
on SSC 17, and explores several techniques for the fine mapping of QTL, including the 
assembly of a pig sequence contig spanning nearly 8 Mb and the use of alternative QTL 
mapping approaches. The ultimate goal of these projects is the identification of genes 
associated with quantitative variation for meat quality traits in the pig, so that these genes can 
then be used in genetic selection programs. 
RESEARCH OBJECTIVES 
The production of dry-cured hams represents a small and lucrative market for pig 
producers in some regions of the world, such as the Mediterranean region and the 
southeastern USA. Dry-cured ham producers could largely benefit from the application of 
modern animal breeding techniques, but the implementation of these techniques is impaired 
by the lack of information on aspects like product characterization, genetic and phenotypic 
correlations between the relevant traits and the possible utilization of molecular genetic 
marker data. The main focus of Chapters 2 and 3 is to enhance the characterization of 
Country Hams. The objective of the work presented in Chapter 2 is to identify phenotypic 
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correlations between fresh and dry-cured ham processing quality traits. As a continuation of 
this chapter, the objective of the third chapter is the identification of genetic markers 
associated with desirable characteristics related to the production of Country Hams. 
In recent years, the volume of data generated in genomic projects of livestock species 
has increased substantially. Regardless of this significant progress, the number of findings 
with direct application to the pig industry has increased at a much slower pace. Even though 
1,287 porcine QTL have been entered in the pig QTL database (Hu et al, 2005), causative 
mutations were discovered only for a few of these. Hence, it will be necessary to unravel 
these QTL in order to allow better and more efficient utilization of all the genomic 
information gathered so far. Chapter 4 describes one of the steps necessary to any QTL 
positional cloning project, i.e., the mapping of several genetic markers to the region where 
QTL have been identified, in order to increase the marker density. Chapter 5 focuses on the 
continuation of the SSC 17 meat quality QTL fine mapping project, emphasizing several new 
approaches to discover the causative mutations for these QTL. These new approaches 
included novel QTL mapping techniques, the generation of the first significant pig sequence 
contig assembled, covering nearly 8 Mb, and an extensive sequencing effort of the coding 
regions of 15 genes, in an attempt to identify the causative mutation(s) for the SSC 17 meat 
quality QTL. 
The projects described in this thesis are diverse in nature, but they share the common 
goal of identifying individual genes affecting phenotypic traits important for two segments of 
the pork industry. They also emphasize the need of applying integrated approaches, which 
make use of the available molecular, bioinformatics and statistical methods, to elucidate the 
genetic architecture of complex traits. 
THESIS ORGANIZATION 
The remainder of Chapter 1 includes a literature review that will provide further 
insight on aspects more relevant to the research projects undertaken. The rest of the thesis is 
organized in five additional chapters, including four papers that have been published or to be 
submitted for publication in scientific journals, and a final chapter where the main 
conclusions from each project are discussed and suggestions for further research are offered. 
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Chapter 2 consists of the paper "Phenotypic correlations among processing quality 
traits of fresh and dry-cured hams", submitted for publication in the journal Meat Science. 
The work was conducted by Antonio Marcos Ramos under the direction of Professor Max 
Rothschild. Professor Ken Stalder and Dr. Timo Serenius were involved in the collection of 
data and greatly assisted in the writing of the paper. Professor Max Rothschild was also 
involved in the experimental design, data collection process and contributed suggestions and 
guidance in the writing of the paper. 
Chapter 3 consists of the paper "Genetic markers for the production of dry-cured 
hams", submitted for publication in the journal Mammalian Genome. The work contained in 
this paper was conducted by Antonio Marcos Ramos under supervision of Professor Max 
Rothschild. Mrs. Kim Glenn participated in the collection of several of the phenotypic traits 
analyzed and assisted in the genotyping of all markers studied. Professor Ken Stalder and Dr. 
Timo Serenius were involved in the data collection step and contributed in the writing of the 
paper by offering valuable comments and suggestions. Professor Max Rothschild participated 
in the experimental design, collection of the data and assisted in the writing of the paper. 
Chapter 4 includes the paper "Mapping of 21 genetic markers to a QTL region for 
meat quality on pig chromosome 17", available in the journal Animal Genetics vol. 37(3), pp. 
296 (2006). The work was again conducted by Antonio Marcos Ramos under supervision of 
Professor Max Rothschild. Mrs. Jeannine Helm, Mrs. Jill Sherwood and Dr. Dominique 
Rocha assisted in the development of seven genetic markers. Mrs. Jeannine Helm and Dr. 
Dominique Rocha contributed suggestions in the writing of the paper as well. Professor Max 
Rothschild also contributed in the overall design of the experiment, analysis and suggestions 
and corrections to the paper. 
Chapter 5 consists of the paper "Combining fine mapping and sequence information 
for the molecular dissection of pig SSC 17 meat quality QTL", submitted for publication in 
the journal Genetics. The work was conducted by Antonio Marcos Ramos under supervision 
of Professor Max Rothschild. Dr. Sean Humphray and Dr. Jane Rogers selected the 
minimally overlapping tiling path of bacterial artificial chromosome (BAC) clones covering 
the SSC 17 meat quality QTL region and supervised the sequencing and annotation of these 
clones at the Wellcome Trust Sanger Institute (United Kingdom), while also contributing for 
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the writing of the paper. Professor Max Rothschild provided research guidance in 
experimental design and assisted in data analysis and in the writing of the paper. 
Chapter 6 summarizes the conclusions from each individual project and discusses the 
relationships between the findings of each paper. It also discusses future challenges in the 
field of animal genetics and genomics. 
LITERATURE REVIEW 
Pigs were domesticated approximately 9,000 years ago (Giuffra et al., 2000) and 
recent evidence suggests that the domestication process occurred in multiple centers across 
Eurasia (Larson et al., 2005). Humans have raised pigs for the consumption of fresh meat and 
processed products and nowadays pork is still one of the most important sources of protein 
worldwide. The primary focus of pig selection in the past decades was to improve average 
daily lean growth. The progress registered was significant, but it also negatively impacted 
other traits, in particular several quality attributes of pork (Lonergan et al., 2001; Schwab et 
al., 2006a). 
Pork quality traits 
Most meat quality traits are quantitative in nature, which means that they are likely 
controlled by a large number of genes, with each gene having a small effect on the trait, and 
the environment. In addition, the concept of meat quality itself is also somewhat subjective 
(Moller and Iversen, 1993). The characteristics that a consumer associates with increased 
quality of fresh pork are not necessarily the same characteristics that a processor deems 
important. The quality of pork can be divided in technological and sensory quality, as well as 
the quality of the fat depots (Sellier, 1998). While some pork quality traits can be divided in 
either technological (water-holding capacity, firmness, glycogen content) or sensorial 
(tenderness, juiciness, flavor), there is also some overlap for some traits that belong to both 
categories (pH, color, muscle fiber characteristics), while fat depots are usually associated 
with traits that relate to (fatty acid composition), or are affected by (rancidness) the type and 
quality of fat present in the carcass (Sellier, 1998). Generally, good pork quality is associated 
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with darker (more red) meat, increased water holding capacity, juiciness and tenderness, and 
better texture. 
The heritability values estimated for pork quality traits vary with the trait being 
considered. Muscle quality traits are slightly to moderately heritable, with heritability values 
ranging from 0.10 to 0.30, while the values for compositional traits are higher, varying from 
0.35 to 0.65. The highest heritability values are found for fat composition traits (lipid 
percentage, intramuscular fat and fatty acid composition), while some sensory traits 
(juiciness, flavor) present the lowest heritability estimates (reviewed by Sellier, 1998). 
Genetic and phenotypic correlations between pork quality traits have also been studied 
extensively. Results show that pH is an especially important trait because it is correlated with 
a variety of other pork quality traits (color, drip loss, Napole yield, and tenderness) (de Vries 
et al., 1994; Huff-Lonergan et al., 2002). This area of research is still very active, as 
confirmed by several recent studies focusing on heritability and/or genetic and phenotypic 
correlation estimates for pork quality traits (Huff-Lonergan et al., 2002; Hamilton et al., 
2003; Newcom et al, 2005; Suzuki et al., 2005; van Wijk et al., 2005). 
From the results of these studies it is also clear that there exists enough genetic 
variation to allow selection for pork quality traits using the traditional approach based on 
quantitative genetics techniques, especially for the traits having moderate to high heritability 
values. One example is the response to selection for intramuscular fat (IMF) in purebred 
Duroc swine conducted at Iowa State University, where after four generations of selection 
the average estimated breeding value for IMF in the selected line is 1.03% greater than for 
control line pigs (Schwab et al., 2006b). However, genetic selection for pork quality traits 
using the traditional approach is affected by other factors, such as difficult and expensive 
collection of data and the fact that most traits can only be measured after sacrificing the 
animal. One possibility to circumvent this problem is to further our knowledge of the 
relationships between these traits, in order to look for traits that can be used as predictors. 
Another possibility is to use molecular genetics, by identifying genes associated with 
improved pork quality and develop genetic tests that can then be used to screen pig 
populations and to select the individuals that carry the genotypes associated with increased 
pork quality. 
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The candidate gene approach (Rothschild and Soller, 1997) has been used extensively 
to search for genes associated with pig production traits, including pork quality. The 
underlying assumption when using this approach is that a candidate gene will explain a 
substantial part of the variation associated with the trait. Two major genes affecting pork 
quality have been identified so far, namely the halothane or stress gene (Christian, 1972) and 
the Rendement Napole (RN) gene (Monin and Sellier, 1985). 
The halothane gene is responsible for the porcine stress syndrome, which may cause 
sudden death in pigs that are homozygous for the recessive allele. In addition, the pigs that 
survive and the ones heterozygous for the recessive allele have poor meat quality, including a 
high incidence of pale, soft and exudative (PSE) meat (Rothschild et al., 2004). The mutation 
responsible for this condition has been identified (Fujii et al., 1991) and is located in the 
ryanodine receptor gene (RYR1) that maps to pig chromosome 6. A DNA test for the 
recessive allele (HAL 1843™) has been developed and has been used extensively to 
eradicate the defective allele from most pig populations worldwide. However, some pig 
breeding companies still maintain the gene in order to make use of the recessive allele 
association with increased leanness. 
The second gene found to have a major impact on pork quality was initially detected 
in France, upon observation that the yield of cured-cooked hams derived from Hampshire 
pigs was much lower. The gene is now known as the RN (Rendement Napole) gene and the 
RN allele increases the amount of glycogen in white muscle by up to 70%. The causative 
mutation for this condition was later identified in the porcine PRKAG3 (protein kinase, 
AMP-activated, gamma 3 non-catalytic subunit) gene (Milan et al., 2000), that maps to pig 
chromosome 15 (SSC 15). A genetic test was also developed for the RN mutation and has 
been used to remove this allele from the populations where it is segregating. Further analysis 
of the PRKAG3 gene identified additional mutations (Ciobanu et al., 2001) that were 
responsible for an ultimate pH QTL previously detected on SSC 15 (Malek et al., 2001). The 
effect of these additional mutations on pH was then validated in commercial lines of pigs 
using a haplotype analysis (Ciobanu et al., 2001). These additional mutations are interesting 
for the pig industry because they are segregating in most lines with diverse genetic 
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backgrounds, unlike the original RN" mutation, which is essentially found in the Hampshire 
breed. 
Another approach that has been extensively used for detection of chromosomal 
regions associated with pork quality is the whole genome scan approach, which makes use of 
experimental resource families and microsatellite markers distributed throughout the genome. 
QTL for pork quality traits have been identified on all 18 pig autosomes and on the X 
chromosome, as indicated in the Pig QTL database (Hu et al, 2005). The total number of 
pork quality QTL is significant, and is a consequence of the large number of QTL studies 
directed towards identifying chromosomal regions associated with meat quality and other 
traits. Presently, a total of 94 publications whose focus was to identify and study porcine 
QTL are contained in the Pig QTL database (Hu et al, 2005). To dissect this vast number of 
QTL affecting pork quality is beyond the scope of this work, but a special emphasis should 
be placed on SSC 17, where QTL for five meat quality traits were identified in a Berkshire x 
Yorkshire cross, including three color traits (color subjective score and 48 hour loin Hunter 
and Minolta L values), average lactate and average glycolytic potential (Malek et al., 2001). 
The favorable alleles for these QTL were all derived from the Berkshire breed. Two 
additional QTL for subjective color score were also identified by Malek et al., (2001) on pig 
chromosomes 2 and 12. The number of QTL detected for light reflectance Hunter and 
Minolta L scores was larger, with significant QTL detected on chromosomes 1, 2, 3, 4, 5, 7, 
14, 15, 17 and 18 (de Koning et al., 2001; Malek et al., 2001; Sato et al., 2003; Ovilo et al., 
2002). For average lactate, one additional QTL was identified on chromosome 7 (Reiner et 
al., 2002), while for average glycolytic potential, four QTL were also revealed on 
chromosomes 7, 11 and 15 (Ciobanu et al., 2001; Malek et al., 2001; Reiner et al., 2002). To 
the best of our knowledge, no other QTL for pork quality traits were identified on this region 
of SSCI 7 besides the ones reported by Malek et al., (2001). Therefore, these QTL seem to be 
unique and may represent one of the chromosomal regions responsible for the improved meat 
quality characteristics associated with the Berkshire breed. 
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Dry-cured ham production in the USA 
Country Hams are a type of dry-cured ham produced in the Southeastern USA. These 
Country Hams differ from the ones that are produced in the Mediterranean region because 
they undergo considerably shorter curing periods and they are also subject to a smoking step 
after curing, a practice that is not followed in the production of Mediterranean dry-cured 
hams. Regardless of the differences in the production of both types of hams, dry-curing of 
meat in the USA originally followed the same curing procedures in place in Europe, that 
were brought to the New World in the 1500s (Voltz and Harvell, 1999). Presently, the 
production of Country Ham is mainly located in North Carolina, Tennessee, Missouri, 
Kentucky, Virginia, Georgia and Pennsylvania (Stalder et al., 2006). 
The Country Ham market is a good example of a small (the number of hams 
processed annually represents only 3% of the total fresh hams produced in the USA) but very 
lucrative niche market. In 2005, approximately 3.4 million hams were processed by 20 
companies which are members of the National Country Ham Association (NCHA), with the 
retail value of these hams exceeding 340 million dollars (Stalder et al., 2006). Total U.S. dry-
cure ham production by both NCHA members and non-members for 2006 is estimated at 6.5 
million hams, which will very likely translate into an even larger retail value in the current 
year (Stalder et al., 2006). 
In part due to the small dimension of its production chain, and despite the high 
economic value of these Country Hams, research focusing on the more relevant aspects for 
the production of this type of dry-cured ham has been limited. Today, Country Ham 
producers make use of some of the available technologies, like utilizing curing chambers 
with controlled temperature and humidity. However, the curing process remains essentially 
the same as it was decades ago. This is an important detail to preserve the traditional 
production techniques, but there is clearly an opportunity for conducting research, that 
ultimately would benefit both the Country Ham processors and consumers, without drifting 
away from the established traditions. To date only a few studies have focused on some 
research aspects related to the production of Country Hams, including the effect of the pig 
genetic type and several molecular markers on processing quality traits of dry-cured hams 
(Stalder et al., 2003; Ramos et al., 2005; Stalder et al., 2005). 
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Research conducted with dry-cured hams produced in other regions of the world can 
provide some insight also for the production of Country Hams. The breed of the pigs used to 
provide the hams for curing is a factor that needs to be considered. In the Mediterranean 
region the breeds used are either local breeds, such as the Iberian pig, or breeds known for 
having increased overall pork quality, such as the Duroc breed. Dry-curing hams derived 
from highly muscled breeds like Pietrain resulted in higher processing losses and decreased 
quality (Buscailhon and Monin, 1994; Russo and Nanni Costa, 1995). The effect of the 
Duroc breed in the production of dry-cured hams has also been studied. The use of hams 
derived from animals with Duroc genetic background had a favorable effect in the production 
of Spanish and Slovenian dry-cured hams (Oliver et al., 1994; Guerrero et al., 1996; Candek-
Potokar et al., 2002). This favorable effect of the Duroc breed was not detected in Country 
Hams (Stalder et al., 2003), but the Duroc hams used in this study experienced substantial 
skin trimming at slaughter, which likely impacted negatively on the yield of the Duroc hams. 
Nevertheless, these hams were associated with improved fresh pork quality (color and 
marbling) (Stalder et al, 2003). Additional research focusing on the effect of different breeds 
in the production of Country Hams would help in the definition of the type of pig breed that 
would be more suitable for the production of this dry-cured ham. An alternative approach 
from which Country Ham production could benefit to a great extent would be the creation of 
lines of pigs displaying meat quality characteristics that would allow improvements in yield, 
and presumably in profit. Extra research on other relevant aspects for Country Ham 
production, such as quality parameters of the final product and marketing techniques to 
expand commercialization, would also be valuable. The production of Country Hams is 
expected to increase in the future (Stalder et al., 2006), as more pork producers are likely to 
enter the production chain. 
Pis chromosome 17 and positional clonins of QTL 
Pig chromosome 17 is one of the smallest pig autosomes. Its size was initially 
estimated to be 77 Mb based on DNA quantification by flow cytometry (Schmitz et al., 
1992). These results that were confirmed subsequently using a comparative mapping 
approach (Lahbib-Mansais et al., 2005). This chromosome shares extensive conservation 
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with human chromosome 20 (HSA20), since results from a radiation hybrid mapping 
experiment confirmed that HSA20 corresponds to SSC 17 in its entirety (Rink et al., 2002). In 
addition, SSC 17 is also homologous with regions on human chromosomes 4 and 8 (HSA4, 
HSA8, respectively), including 3.5 Mb homologous to HSA4, 7.75 Mb to HSA8 and 63 Mb 
homologous to HSA 20 (Lahbib-Mansais et al., 2005). 
Despite its relatively small size, SSC 17 is fairly well characterized; the gene order 
within the conserved syntenic regions, as well as the boundaries of the chromosomal syntenic 
breakpoints, have been accurately determined (Lahbib-Mansais et al., 2005). In addition, the 
first significant pig sequence contig (Hu et al., 2006; Ramos et al., 2006) ever assembled 
included a QTL region for meat quality traits on SSC17 reported by Malek et al., (2001). The 
sequenced SSC 17 region covers nearly 8 Mb and the strategy followed to obtain this large 
continuous piece of pig sequence included selection of a minimal overlapping tile path of 
BAC clones covering the SSC 17 QTL region, sequencing the selected clones and sequence 
assembly based on the available minimal tiling path and BLAST overlaps (Hu et al., 2006). 
In addition to the sequencing assembly step, manual annotation of the SSC 17 sequenced 
region is also underway at the Wellcome Trust Sanger Institute (UK), and these results are 
publicly available (http://vega.sanger.ac.uk/Sus_scrofa/index.html). 
A total of 19 QTL detected on SSC 17 have been entered in the Pig QTL database (Hu 
et al., 2005), and additional QTL have recently also been reported to map to SSC 17, 
including QTL for loin eye area (Rohrer et al, 2006) and inguinal hernia (Grindflek et al, 
2006). Among the studies included in the Pig QTL database, QTL were identified for meat 
quality, growth, carcass composition, post stress ACTH levels and other traits on SSC 17 
(Knott et al., 1998; Andersson-Eklund et al, 2000; de Koning et al., 2001; Malek et al., 
2001a; Desautes et al., 2002; Varona et al., 2002; Pierzchala et al, 2003; Karlskov-
Mortensen et al., 2005). Two SSC17 regions appear to be especially interesting for QTL 
detection. Most reside on the p arm, where QTL for carcass length (Varona et al., 2002; 
Karlskov-Mortensen et al, 2005), growth rate (de Koning et al., 2001; Pierzchala et al, 
2003) and small intestine length (Knott et al., 1998) have been identified. The second region 
is the distal part of the SSC 17 q arm, a region that harbors QTL for meat color, lactate and 
glycolytic potential (Malek et al., 2001b), femur dimensions (Andersson-Eklund et al., 
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2000), back fat and fat-to-meat ratio (Pierzchala et al, 2003). The other QTL are distributed 
along the remaining portions of the chromosome. 
As mentioned previously, the favorable alleles for the SSCI7 meat quality QTL seem 
to be exclusive to the Berkshire breed, as no other meat quality QTL were reported so far on 
this SSCI7 region. There is great potential in using this chromosomal region for pig 
improvement purposes, but in order to do so the gene(s) and mutation(s) responsible for the 
observed QTL need to be identified first. However, deciphering livestock complex traits is a 
difficult task, and to date only a few studies were able to identify the causative mutations 
responsible for QTL identified for porcine quantitative traits. In fact, the understanding of the 
genetic basis of phenotypic diversity within and among livestock species still remains one of 
the biggest challenges in modern biology (Georges and Andersson, 2003). There are two 
main reasons that contribute to the magnitude of this challenge, including the difficulty in 
determining the exact position of a QTL on a chromosomal region and the limited phenotypic 
effect of most QTL, which makes the differentiation between causative and neutral mutations 
difficult (Andersson and Georges, 2004). The problem is further complicated by the fact that 
most quantitative traits have a multifactorial inheritance pattern, i.e. they are affected by 
numerous genes, and also by the environmental effects on the trait (Darvasi and Pisante-
Shalom, 2002). 
In contrast, the identification of mutations for monogenic traits is a much more 
straightforward task, and to date several studies were successful in identifying causative 
mutations for monogenic trait loci in several domestic animal species. Examples of such 
mutations in the pig include the RYR1 gene, responsible for the porcine stress syndrome 
(Fujii et al., 1991), the KIT (mast/stem cell growth factor receptor) gene, responsible for the 
dominant white color phenotype (Marklund et al., 1998), the MC1R (melanocortin 1 
receptor) gene, responsible for other pig coat color phenotypes (Kijas et al., 1998; Kijas et 
al., 2001) and the FUT1 (alpha-1,2-fucosyltransferase) gene, involved in intestinal E. coli 
adherence (Meijerink et al., 2000). 
However, considering the complex traits of economic importance, domestic animals 
also display several characteristics that are advantageous for detection of QTL causative 
mutations, such as less genetic heterogeneity within breeds and large family sizes (Andersson 
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and Georges, 2004). Even though the number of studies successful at identifying the 
causative mutations for livestock complex traits is small, it also illustrates the potential of 
domestic animals for unraveling this type of traits. 
To date, these successful examples include the discovery of causative mutations in the 
PRKAG3 gene, responsible for a high glycogen content in pig skeletal muscle (Milan et al., 
2000; Ciobanu et al., 2001), the IGF2 (insulin-like growth factor 2) gene, responsible for a 
QTL effect on swine muscle growth (Van Laere et al., 2003), the MC4R mutation 
responsible for levels of fat and growth (Kim et al., 2000), the GHR (growth hormone 
receptor) gene, associated with a major effect on milk yield and composition of dairy cattle 
(Blott et al., 2002) and the DGAT1 (diacylglycerol O-acytransferase 1) gene, affecting milk 
yield and composition in dairy cattle (Grisart et al., 2004). These examples demonstrate that 
the potential exists to discover the mutations responsible for other livestock QTL, despite the 
fact that the discovery process is not easy. 
For many years the genomic resources of the farm animal species were clearly 
lagging behind the available resources in species such as human and mouse. However, in 
recent years this situation has changed substantially, with the release of the chicken whole 
genome sequence (Hillier et al., 2004), the publication of a chicken comprehensive genetic 
variation map based on 2.8 million SNPs (Wong et al., 2004), and the release of a 0.66X 
coverage of the pig genome based on shotgun sequencing (Wernersson et al., 2005). In 
addition, the sequencing of the whole pig genome is underway and the cattle genome 
sequence is nearly completed, for which it is anticipated that by the end of 2007 the complete 
sequence will be available (Schook et al., 2005; Womack, 2005). The access to this 
enormous amount of data will very likely accelerate the detection of QTL causative 
mutations in the livestock species, by allowing the access to a larger number of genetic 
markers, haplotype maps and providing invaluable sequence information necessary to the 
individual analysis of candidate genes for the QTL and the design of oligonucleotide arrays 
for gene expression studies (Andersson and Georges, 2004). Other valuable resources and 
methodologies that will be helpful are also being developed, including the creation of a pig 
advanced intercross line at Iowa State University, where the original Berkshire x Yorkshire 
population used for QTL detection (Malek et al., 2001) is currently at the F8 generation 
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(Max Rothschild, personal communication), the application of microarray technology in F2 
individuals in order to detect porcine eQTL (expression QTL) (Catherine Ernst, personal 
communication), and the use of innovative QTL mapping approaches analyzing epistatic 
interactions between QTL (Carlborg et al., 2004). 
Pie genome sequencing 
The determination of the full sequence of the human genome (Venter et al., 2001) 
triggered a whole new era for the science of genetics. For the first time ever, the complete 
nucleotide sequence of a vertebrate genome was determined. This effort was followed by the 
determination of the complete sequence of the genome of other species. The pace at which 
the genomes of additional animal species was determined was remarkable, and currently the 
genome sequence has been determined for a total of 26 animal species, including human, 
mouse, cow, dog and chicken (http://www.ensembl.org/index.html). 
The pig genome, not yet sequenced, is similar in chromosomal organization, 
complexity and size to the human genome, comprising 2.6 Gb of sequence, and it is believed 
to contain a number of protein coding genes similar to the human (Schook et al., 2005). The 
pig is an excellent choice for genome sequencing due to its importance in meat production 
and relevance to biomedical research (Wernersson et al., 2005). In September 2003, the 
Swine Genome Sequencing Consortium was created by academic, government and industry 
representatives, in order to provide international coordination for sequencing the pig genome. 
When completed, the full sequence of the pig genome will be an extremely valuable resource 
to perform a wide range of genetic experiments, to identify genes responsible for complex 
traits of economic relevance for the pig industry and also for comparative genomics. 
The strategy followed to sequence the pig genome is innovative, because it combines 
the whole-genome shotgun approach (WGS), used to sequence the human genome, with the 
sequencing of BAC clones that were selected to represent a minimal tiling path of the pig 
genome (Humphray et al., 2005). The minimal tiling path will be used as the sequencing 
template, and was created by integration of physical mapping data available from previous 
studies. In fact, one of the strengths of the strategy followed to determine the genomic 
sequence of the pig lies in the fact that prior to sequencing, a porcine fingerprint map and 
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information from BAC end sequencing will already be available, and these resources will be 
useful for targeted sequence closure in regions of interest (Schook et al., 2005). It is 
anticipated that a 6x draft coverage of the pig genome will be generated by combing the 
information derived from the 3x coverage of the BACs forming the minimal tiling path and 
the 3x of the WGS libraries (Schook et al., 2005). In 2005, approximately 500 000 BAC ends 
had been sequenced, representing over 13% sequence coverage of the pig genome 
(Humphray et al, 2005). 
Even though the full sequence of the pig genome is not yet determined, several other 
resources have been released and are available for researchers around the world. Among 
these we can include the release of a 0.66X coverage of the pig genome based on shotgun 
sequencing (Wernersson et al., 2005), an integrated physical map of the pig genome 
(Humphray et al., 2005), as well as the development of a 1.0 Mb comparative map between 
human and pig (Meyers et al., 2005) and the release of a significant number of porcine SNPs 
(Fahrenkrug et al, 2002; Uenishi et al, 2004). It is also anticipated that, along with 
sequencing the pig genome, 100,000 SNPs will be generated (Schook et al., 2005). In 
addition, two regions of the pig genome, the MHC region on pig chromosome 7 (SSC7) and 
the meat quality QTL region on SSCI7, have already been sequenced, comprising 
approximately 10 Mb of sequence (2.4 Mb for SSC7 and 8.0 Mb for SSCI7). The annotation 
of these two regions has already begun and the data are publicly accessible 
(http://vega.sanger.ac.uk/Sus scrofa/index.html). 
The resources currently available are already of considerable importance for many 
research areas of pig breeding and genetics. The number of pig specific sequences available 
in public databases has increased substantially. A significant proportion of these sequences 
were derived from ESTs (expressed sequence tags), i.e., they are sequences that represent 
coding genes. The release of the end sequences of the BAC clones selected to form the 
minimal tiling path was also very important. One area where these end sequences can be 
helpful is in the development of markers for regions of the pig genome where no genes have 
been identified so far. This obviously will not be as significant once the full sequence of the 
pig genome is released, but for the time being it can be used in a variety of ways. One 
example is the development of markers for fine mapping of QTL in regions where a 
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comparative analysis between the human and pig genomes does not reveal the presence of 
genes (Ramos et al., 2006). All the pig genomic information that has recently been released 
represents only the beginning of a much larger set of information still to come. Nevertheless, 
the data already available, besides being extremely helpful for research in pig genetics and 
genomics, also opens up many analytical possibilities and motivates other initiatives to work 
towards the generation of a complete pig genome sequence. 
The determination of full genome sequences is an extraordinary task in itself, but 
besides determining the sequence of an organism there is also the need of annotating this 
sequence. The annotation step includes raw sequence pre-processing, gene prediction, gene 
function characterization, protein annotation, and the assignment of genes to gene ontology 
classes (Rust et al., 2002). Currently, the sequence entries in the main genomic databases are 
rising exponentially and the best way to keep annotation of these sequences advancing at a 
similar pace is the use of bioinformatics and biocomputational approaches (Teufel et al., 
2006). The regions of the pig genome already sequenced (Hu et al., 2006; Ramos et al., 
2006; Renard et al., 2006) are being manually annotated by the Havana group at the 
Wellcome Trust Sanger Institute in the United Kingdom. 
Presently there is a wide array of quantitative and molecular genetic methodologies 
available to be used in the discovery of major genes affecting important economic traits and 
of genes underlying complex traits in livestock. The work presented here focuses on a variety 
of these methodologies, including relationships between pork quality traits, SNP discovery 
and candidate gene analysis, genetic mapping, QTL analyses and genome sequencing. It is 
likely that in the future the use of molecular marker information in pig breeding schemes will 
increase, including markers affecting pork quality. However, there are still numerous 
genomic regions where QTL have been detected for important pig production traits (e.g. 
growth rate, carcass composition, meat quality, reproduction) whose potential has not yet 
been fully explored, because the genes underlying these QTL have not been identified. This 
study discusses new approaches that may be helpful in elucidating these QTL and 
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CHAPTER 2. PHENOTYPIC CORRELATIONS AMONG PROCESSING QUALITY 
TRAITS OF FRESH AND DRY-CURED HAMS 
A paper to be submitted to Meat Science 
A. M. Ramos1, T. V. Serenius2, K. J. Stalder1, M. F. Rothschild1,3 
Abstract 
In this study, a variety of fresh and processing quality traits were collected on a total of 321 
hams of unknown breed or genetic background. Phenotypic correlations between traits were 
estimated and numerous values were significantly different (P < 0.05) from zero. Yield was 
significantly correlated with several fresh pork quality traits measured on fresh or "green" 
hams. Some meat color traits were significantly correlated, including associations between 
the color scores taken on the fresh and cured hams. Correlations between fresh pork quality 
traits were also determined, with results showing significant correlations between ultimate 
pH and other pork quality traits. The results indicate that yield can be maximized if hams 
with good fresh pork quality parameters are used for curing. The correlations estimates 
provide an understanding of the biological mechanisms behind the production of dry-cured 
hams and can be used to improve the efficiency of the dry-cured ham production chain. 
Introduction 
Country Hams are a type of dry-cured hams produced in Southeastern USA, in states 
like Kentucky, Tennessee, North Carolina and Virginia. When compared with the hams that 
are produced in the Mediterranean region, these Country Hams are 
1 Graduate student and Professors, respectively, Department of Animal Science, Iowa State University 
2 Postdoctoral associate, Department of Animal Science, Iowa State University 
3 Author for correspondence 
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characterized by considerably shorter curing periods and the inclusion of a smoking step after 
curing. 
The economic value of Country Hams is considerable. In 2005, approximately 3.4 
million hams were processed by 20 companies which are members of the National Country 
Ham Association (NCHA). The retail value of these hams exceeded 340 million dollars 
(Stalder, Berry, Hanson & Mikel, 2006). Total U.S. dry-cure ham production by both NCHA 
members and non-members for 2005 was estimated at 6.5 million hams, which will very 
likely translate into an even larger retail value in the current year (Stalder et al., 2006). 
Despite the high economic value of these Country Hams, little information exists 
concerning factors that affect the production of these hams. For many years the main 
selection objective of the pig industry was to improve average daily lean growth. Despite 
considerable genetic improvement in this trait, there was an apparent correlated decrease in 
the overall pork quality parameters, such as color, pH and marbling (Lonergan, Huff-
Lonergan, Rowe, Kuhlers & Jungst, 2001). In the Mediterranean region the breeds 
traditionally used for the production of these hams, such as the Iberian pig, are characterized 
by higher content of both carcass and intramuscular fat. Hence, it is likely that leaner pork is 
not especially suitable for dry-cured ham production, and that specific genetic selection 
programs focusing on improving pork quality would be more appropriate for the production 
of dry-cured hams. 
Previously, higher processing losses, as well as overall decreased product quality, 
were reported for dry-cured hams derived from pig breeds considered heavy muscled, such as 
Pietrain (Buscailhon & Monin, 1994; Russo & Nanni Costa, 1995). Furthermore, the pig 
breed used to supply hams for dry-cured production should also be considered, even though 
the results from several studies that examined breed effects on dry-cured ham production 
yielded contradictory results. In particular, a favorable effect of the Duroc breed for the 
production of Spanish dry-cured ham has been reported (Oliver et al., 1994; Guerrero, Gou, 
Alonso & Arnau, 1996). Additionally, Slovenian Carso dry-cured hams derived from pigs 
sired by Duroc boars had a greater yield when compared with hams derived from the 
Landrace and Large White breeds. The yield advantage was attributed to higher 
intramuscular fat content of the pigs derived from the Duroc crosses (Candek-Potokar, 
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Monin & Zlender, 2002). It has been suggested that the lower ham weight loss during the 
curing process associated with higher intramuscular fat is due to a barrier effect of fat on 
water diffusion and evaporation during the processing period (Guerrero et al., 1996). In the 
American Country Hams though, this favorable effect of the Duroc breed was not observed 
(Stalder et al., 2003). However, the Duroc hams used in this study experienced substantial 
skin trimming at slaughter that likely negatively impacted the yield of hams from Duroc pigs. 
Nevertheless, these Duroc hams were significantly associated with better quality for some 
traits, including color and marbling (Stalder et al., 2003). 
In order to implement genetic selection programs tailored for dry-cured ham 
production, knowledge of the genetic and phenotypic correlations between the traits under 
selection is necessary. However, the information on these parameters regarding the 
production of dry-cured hams is scarce. Furthermore, there are often limitations (in terms of 
labor required and costs) to the number of traits that can be collected, which further stresses 
the importance of obtaining as much phenotypic data as possible to estimate accurately the 
relationships between these traits. Once the associations are established, it may be possible to 
evaluate a smaller number of traits in a commercial production setting. Finally, future 
detection of genetic markers affecting pork quality is also facilitated if these relationships are 
known. 
The impact of a limited number of genetic markers on dry-cured ham production 
traits has already been studied (Ramos, Stalder, Nguyen & Rothschild, 2005; Stalder, 
Rothschild & Lonergan, 2005), with results showing significant associations of several genes 
with some dry-cure ham production traits. Therefore, selection programs for dry-cured ham 
production that simultaneously utilize quantitative and molecular genetics information can be 
envisioned. The objective of this study was to determine phenotypic associations for 
indicator traits affecting fresh and dry-cured ham processing quality. 
Materials and Methods 
Animals and harvesting 
Hams from two different pork processors that normally provide a supply of fresh 
hams to Clifty Farm Country Hams (Paris, TN, USA) were used in this trial. It was not 
33 
possible to track the harvested animals from the farm through the slaughtering process and 
finally to the ham processor. Hence, information on the breed and sex of the animals from 
which the hams were obtained was not available. In order to avoid sampling the same animal 
twice all hams were sampled from the right side of the carcass only. 
Ham processing 
Hams were randomly sampled such that initial weight of hams sampled was between 
8.5 and 10.5 kg in order to attempt to minimize initial weight variation on dry-cured ham 
traits. Hams were sampled from two processing days, in order to minimize harvest day 
effects. 
Fresh ham evaluation 
From each fresh ham, circumference (measured using a flexible cloth measuring tape 
around the section of each ham presenting the greatest circumference), depth (measured at 
the thickest part of the hams when these were lying down, as shown in Figure 1(b) of 
Candek-Potokar et al. (2002)), subjective color, marbling and firmness scores (in the scale 
from 1 to 5; NPPC, 2000) and objective color scores were collected. All these traits were 
evaluated on the semimembranosus muscle of each ham face at approximately 48 hours after 
slaughter. The objective color scores were measured using a Minolta Chroma Meter 
(Ramsey, NJ, USA) with a 50 mm aperture, using Standard Illuminant C light source and 0° 
viewing angle geometry. The Minolta Chroma Meter was calibrated against a white tile 
standard prior to use. The values recorded included Minolta and Hunter L, a and b scores and 
were only recorded on the first of two days of data collection due to a machine malfunction. 
In addition, a semimembranosus sample was collected from each ham in order to evaluate 
pH, lipid percentage and dry matter percentage from the fresh hams. Approximately 75 g of 
each semimembranosus sample was homogenized using a standard food processor until it 
was finely ground. Prior to measuring, the pH meter (model IQ150, IQ Scientific 
Instruments, CA, USA) was standardized in a solution with a known pH of 7.0. The probe 
was inserted into the ground ham sample, two values of pH were obtained from each sample 
and averaged. The probe was rinsed in double distilled, deionized water between samples. 
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Lipid percentage was determined using a modified lipid extraction procedure based 
on the method described by Folch, Lees & Stanley (1957). In order to calculate dry matter 
content, a sample of ground pork (1 g) was incubated at 80 °C and weighed several times 
until the sample reached constant weight. Dry matter was expressed as a percentage of the 
initial weight of the sample. 
Dry-cure processing 
All hams were processed following standard commercial curing procedures in place 
at Clifty Farm Country Hams, including application of the salt mixture, curing time, curing 
temperature and humidity. In order to allow tracking of the hams during the curing process, 
all hams were individually identified using a tagging system (Laser®3™, Koch Supplies, 
North Kansas City, MO, USA). 
Cured ham processing 
Upon completion of the curing process, all hams were weighed and yield was 
calculated as the weight of the cured ham divided by the weight of the fresh ham. Slices (9 
mm thick) from each ham were cut perpendicular to the femur using a standard commercial 
band saw. Each ham was evaluated for the same objective color scores described above, with 
the color measurements being taken in the semimembranosus muscle from each center cut 
slice. A sample of the semimembranosus from each slice was also kept for further analytical 
determinations that included moisture and salt content. Next, the cured ham samples were 
finely ground using the same procedure described above. Moisture was then determined from 
a 50 g ground sample. Salt content was calculated using 10 g samples analyzed with a 
Sodium Ion Selective Electrode attached to a Model 225 pH-ISE meter (Denver Instrument 
Company, Arvada, CO, USA) with a standard curve verified by AO AC (1990) standard 
method. 
Statistical Analysis 
For all traits, means and standard deviations were calculated using the PROC 
MEANS procedure of SAS (1996). Phenotypic correlations were calculated using the 
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residuals from a multivariate analysis of variance that included pork processor and day of 
sampling as fixed effects, using the PROC GLM procedure of SAS (1996). 
Results and discussion 
The number of hams, means and standard deviations for all traits analyzed in this 
study are in Table 1. The means detected for initial and cured weight were 9.30 and 7.24 kg, 
respectively, while mean yield for the dataset analyzed was 77.86 %. Mean pH was estimated 
to be 6.01 and mean salt percentage was 5.5 %. Overall, trait means are similar to those 
previously reported by Stalder et al. (2003) in a study where the authors looked at the effect 
of genetic background (Duroc or genetically undefined pigs) on processing characteristics of 
Country Hams. Even though the study by Stalder et al. (2003) was carried out in the same 
ham processing plant, the hams were purchased from different pork processors than those 
used in the present study. The fact that the means for the dry-cured ham traits measured were 
similar for most traits indicates some uniformity in the pork quality parameters of the hams 
that are usually processed at this plant and also some consistency in the procedures for dry-
curing utilized in this ham processing facility. Moreover, a comparison with the results 
obtained in the National Pork Producers Council's National Genetic Evaluation Program 
(Johnson & Goodwin, 1995) demonstrate that mean subjective color, Hunter L score and 
moisture values were similar between studies. However, marbling and firmness values were 
smaller than those reported in the same study. The values determined in the Johnson & 
Goodwin (1995) study were estimated in longissimus dorsi samples, while those reported in 
the present study were determined on the semimembranosus from each ham, a different 
muscle, and this may explain the differences observed between studies. Finally, the means 
for marbling, firmness, lipid percentage were smaller when compared with the values 
determined in 525 F2 animals from an experimental population derived from a Berkshire x 
Yorkshire cross (Huff-Lonergan, Baas, Malek, Dekkers, Prusa & Rothschild, 2002). These 
smaller values may be the result of the presence of the Berkshire breed, which is associated 
with increased overall pork quality, in the dataset analyzed by Huff-Lonergan et al. (2002). 
In general, the meat quality trait means measured on the hams in the present study followed 
literature estimates for the same traits. 
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Correlations for cured weight and yield 
Cured weight and yield are arguably the two more interesting traits for the processor, 
because improvements in these two traits will very likely translate into an increase in gross 
income and presumably profit. However, these traits are only measured after the curing 
process is completed. Hence, it is useful for the processor to know how these two traits are 
correlated with other traits could be evaluated on fresh or "green" hams (so called by the 
industry), before curing is initiated. In the best case scenario, one could collect data on a 
sample of fresh ham and use it as a predictor of cured weight and yield of the final product 
from a given supplier, a sample from each lot of purchased hams, or some other qualifying 
scheme. 
In the present study, cured weight and yield were significantly correlated with traits 
measured both in the fresh and cured hams. A significant correlation was detected between 
the initial and cured weights of the hams (Table 2). This was expected because hams with 
higher initial weight are also expected to tend to have higher cured weight. However, despite 
being highly significant, the correlation detected between these traits was only 0.51, which 
suggests additional factors contribute to the variation observed in cured weight other than 
fresh ham weight. Cured weight and yield were also significantly correlated (0.83, Table 2). 
Ham circumference was measured around the section of each ham with the greatest 
circumference. This trait presented significant positive correlations with initial and cured 
weight and yield, with correlation estimates of 0.21, 0.29 and 0.20, respectively (Table 2). 
The positive correlation between circumference and initial weight was expected, because the 
thickest hams were probably derived from heavier pigs that likely provided the heaviest 
hams. Similarly, circumference was positively correlated with cured weight and yield. 
Significant correlations between cured weight and yield with moisture and salt percentage 
(Table 3) were also observed. These correlations were highly significant and very similar for 
all traits. They clearly indicate that higher cured weight and yield are associated with hams 
that have more moisture and contain a lower percentage of salt. In the production of dry-
cured hams, a salt mixture is applied to the hams in the initial stages of curing, in order to 
remove water from the hams (salt is a dehydrating agent). Not surprisingly, a significant 
negative correlation was detected between moisture and salt content (-0.45, Table 4). The 
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relationship between moisture and salt is very important for the dry-cured ham industry. 
Hams need to lose at least 18% of their initial weight in order to comply with the regulations 
stipulated for this type of hams (Code of Federal Regulations, 2001). However, weight loss 
greater than this level means that there will be less product for the processor to market and 
hence, a loss of potential income. The main reason for this decrease in weight is water loss, a 
process where the salt mixture applied to the hams prior to curing plays a major role. Ideally, 
the amount of salt applied to the hams should be just enough for the hams to lose the 
stipulated weight percentage, but in practice this proves to be a greater challenge, because of 
several other factors that also contribute to ham weight loss. 
A very relevant finding of this study was the number of significant correlations 
detected between yield and a variety of pork quality traits measured in the fresh hams, 
including subjective color (0.34), fresh Minolta and Hunter L scores (-0.26 for both 
correlations), marbling (0.21), lipid percentage (0.32), firmness (0.19), pH (0.14) and dry 
matter percentage (0.14) (Tables 2 and 3). Excluding pH and dry matter percentage, cured 
weight was also significantly correlated with the pork quality traits mentioned above. Highly 
significant and positive correlations were found between yield and subjectively evaluated 
color, marbling, and firmness as well as lipid percentage and pH. In addition, the same trend 
was observed with the objective color scores measured, but in this case the correlations were 
negative, because smaller Minolta and Hunter L scores indicate darker meat. Hence, lower 
values for these two traits were associated with higher values for yield. 
Unfortunately, there are only a few studies available in the literature that have 
previously reported correlations between these important traits for dry-cured ham production. 
The results presented here are in agreement with the findings of Stalder et al. (2003), where 
significant correlations between yield and several pork quality traits were also detected. 
Furthermore, marbling was also correlated with total weight loss during the curing process of 
Carso hams (Candek-Potokar et al., 2002). This correlation was negative, as expected, 
because yield and loss are directly related (greater yield is obviously associated with smaller 
loss). However, the same study did not identify significant correlations between total loss and 
ultimate pH, subjective color and Minolta L score, traits that were also measured in the 
semimembranosus muscle. This is not in agreement with the results of this study, where these 
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three traits were all significantly correlated with yield. The reasons behind these 
discrepancies between studies are not clear, but factors such as possibly different breeds and 
ham production systems may play a role. 
Overall, our results clearly indicate that cured weight and yield will increase if hams 
displaying good fresh pork quality traits are used for curing. This knowledge is extremely 
important for the dry-cure ham processors because it emphasizes the importance of using 
pork with good fresh meat quality parameters in order to maximize yield, minimize losses, 
and ultimately improve profitability. 
Correlations for meat color traits 
In this study, five different measurements of meat color were collected, including 
subjective and objective color evaluations. Subjective color was only recorded on fresh hams, 
while objective color scores were obtained for both fresh and cured hams. It should be noted 
that Minolta and Hunter L scores are instrumental measures of the lightness (or darkness) of 
the meat, and that lower values for these scores indicate darker meat. Hence, negative values 
were expected for the correlations between the subjective and objective color scores. 
Significant (P< 0.05) correlations were detected between subjective color and fresh ham 
Minolta and Hunter L scores. The correlation was -0.56 (Table 3), which indicates that 
objective scores of color are associated with subjective scores. However, while the subjective 
scores only account for meat lightness (or darkness), the objective scores reflect differences 
in the redness of the meat (Huff-Lonergan et al., 2002), and this may be the reason why the 
correlations were not greater. As expected, Minolta and Hunter scores were highly correlated 
(0.99, Table 4), for both fresh and cured hams, which reflects the fact that both measure the 
same biological process. Significant correlations were also detected between subjective color 
and Minolta and Hunter values measured in the cured hams. The magnitude of these 
correlations (both -0.29, Table 3) was smaller than those observed between subjective color 
and the same objective scores evaluated on fresh hams. The mechanisms that contribute to 
ham color variation during dry-curing are not yet well defined and require further research. 
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Correlations for pork quality traits 
Several significant correlations among fresh pork quality traits were detected in this 
study. However, all measurements were taken on the semimembranosus muscle, which is 
important to consider when comparing results from different papers, because previously 
reported studies collect pork quality information on loin samples (usually in the longissimus 
dorsi muscle) (Huff-Lonergan et al., 2002). Pork quality measurements taken on one muscle 
may be used as predictors of the same or similar measurements taken in a different muscle. 
But results from other studies have shown that the correlations between these measurements 
are moderate or intermediate. For instance, moderate correlations (0.42 to 0.47) were found 
between pH measurements collected in the loin and the semimembranosus muscle (Huff-
Lonergan et al., 2002) and between marbling scores (0.34) measured on the ham and loin 
(van Wijk, Arts, Matthews, Webster, Ducro & Knol, 2005). 
In the present study, marbling was significantly correlated with subjective color 
(0.23), firmness (0.28) and lipid percentage (0.28) (Tables 2 and 3). These results indicate 
that pork with greater marbling or intramuscular fat was associated with firmer and darker 
meat. The correlation between marbling and lipid percentage is not surprising because 
marbling was subjectively scored on the same muscle that was later used to objectively 
determine lipid percentage. Hence, it is likely that at least part of the muscle fat that 
contributed to the total lipid determined derived from the intramuscular fat that was the basis 
for determining the marbling score. Additionally, the person evaluating marbling had 
extensive experience at estimating. The relationship between marbling and lipid percentage, 
as well as firmness, has previously been reported (Huff-Lonergan et al., 2002). However, in 
the study by Huff-Lonergan et al. (2002) the correlation between marbling and lipid 
percentage was higher (0.57) and the correlation between marbling and subjective color was 
not significant. 
In this study, firmer pork tended to be associated with darker meat, as demonstrated 
by the significant correlation registered between firmness and the subjective and objective 
color measurements taken on fresh hams (Tables 2 and 3). This is in line with previous 
studies where a significant correlation between these traits was reported (Huff-Lonergan et 
al., 2002). Moreover, firmness was also significantly correlated with salt percentage (Table 
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3). Salt content was negatively correlated with yield, while a positive correlation was 
detected between firmness and yield. Hence, firmer pork tended to retain less salt and 
consequently had higher yield. 
Correlations for pH 
Ultimate pH measurements obtained from carcasses are often used to predict other 
pork quality traits. This trait is relatively easy to measure and hence, very important, because 
by measuring only a single trait, predictions regarding other traits can be made, if the 
relationships between pH and other meat quality traits are known. In the present study, 
ultimate pH was correlated with a variety of traits measured in the fresh hams, as well as with 
traits collected after the curing process was completed, with correlation estimates varying 
from -0.4 (for dry matter) to 0.30 (for color) (Tables 3 and 4). In line with other correlations 
observed in this study, pH was positively correlated with yield (0.14, Table 3). Higher 
ultimate pH values are desirable and usually associated with improved quality of pork (Huff-
Lonergan et al., 2002). This correlation supports the general trend identified in this study, 
where yield was significantly correlated with a variety of pork quality traits. Circumference 
was also significantly associated with pH, since hams with greater circumference also had 
higher ultimate pH values. Once again, this is in agreement with the positive correlation 
detected between yield and circumference. 
Previous research has suggested that pH and firmness scores are usually associated, 
with meat having lower ultimate pH values being associated with lower firmness scores 
(Bowker, Wynveen, Grant & Gerrard, 1999; Lonergan et al., 2001). This trend was also 
observed in the present study, where a positive correlation was identified between ultimate 
pH and firmness (Table 3). Previously, similar correlations had already been described by 
Huff-Lonergan et al. (2002), even though the pH values from that study were collected on 
loin samples. 
Significant correlations were also identified between ultimate pH and numerous 
subjective and objective color measurements (Tables 3 and 4) taken on the fresh hams. These 
results confirm the tendency that pork with higher ultimate pH is associated with darker color 
(Hovenier, Kanis, van Asseldonk & Westerink, 1992) and are in agreement with previous 
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studies (Huff-Lonergan et al., 2002). One possible explanation for this relationship is fact 
that at lower pH values muscle proteins (myoglobin and others) start precipitating, which 
leads these proteins to reflect light, rather than absorb it (Honikel, 1987), and ultimately 
results in pork having lighter color measurements. Despite the significant correlations 
detected with the color measurements taken on the fresh hams, the correlations between pH 
and the objective color measurements taken in the cured hams were not significant (P> 0.05). 
Conclusions 
This study identified several useful phenotypic correlations between a variety of traits 
collected in both the fresh and cured hams, with results indicating that traits measured in the 
fresh hams influence important dry-cured ham traits. The overall trend identified in this study 
was that high quality fresh pork is essential to maximize the yield and profit of the dry-cured 
ham processor, at least for this type of cured hams produced in the USA. The correlations 
determined are also useful to understand the relationships between pork quality traits. This 
information would be more useful if breed and sex information had been available and the 
relationships within these categories understood. In the future, it would be interesting to 
investigate if the same relationships are observed in different types of dry-cured hams, like 
the ones produced in the Mediterranean region. 
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Table 1 - Number of observations, means and standard deviations for fresh and dry-cured 
ham traits 
Fresh Ham Traits n Mean Standard deviation 
Initial weight (kg)a 321 9.30 0.20 
Circumference (cm)e 321 71.88 1.99 
Depth (cm)c 321 16.07 0.94 
Colord 321 3.29 0.83 
Marblingd 321 2.18 0.61 
Firmnessd 321 2.59 0.74 
pHc 321 6.01 0.33 
Lipid (%)f 321 2.29 0.85 
Dry matter (%)f 321 26.99 1.16 
Fresh Minolta Lg 165 54.98 3.71 
Fresh Hunter Lg 165 47.93 3.73 
Cured Ham Traits 
Cured weight (kg)a 320 7.24 0.30 
Yield (%)b 320 77.86 2.47 
Cured Minolta Lg 318 50.19 2.17 
Cured Hunter Lg 317 43.12 2.15 
Moisture (%)h 321 64.26 1.45 
Salt (%)" 321 5.50 0.96 
a Weight in kg of the fresh and cured hams; Yield calculated as (initial weight / cured weight) * 100;c Traits 
collected in the fresh hams using a flexible measuring tape;d Traits measured in the scale from 1 to 5 (NPPC, 
2000); e the pH values regard ultimate pH; f Lipid and dry matter % determined analytically in fresh ham 
samples; g Fresh and cured Minolta and Hunter L scores refer to the objective color measurements collected in 
the fresh and cured hams, respectively;h Moisture and salt % determined analytically in cured ham samples All 
pork quality traits were evaluated in samples from the semimembranosus muscle. 
Table 2 - Residual correlations between fresh and cured ham traits, including weight and yield measures, color, marbling and 
firmness 
Initial Weight Cured Weight Yield Circumference Depth Color Marbling 




















Color -0.09 0.25 0.34 0.07 0.08 
(0.11) (<.0001) (<.0001) (0.25) (0.19) 
Marbling -0.07 0.14 0.21 0.06 0.02 0.23 
(0.23) (0.01) (0.0002) (0.32) (0.76) (<.0001) 
Firmness -0.09 0.11 0.19 -0.01 0.16 0.37 0.28 
(0.11) (0.05) (0.0009) (0.86) (0.0045) (<.0001) (<.0001) 
a The values for the phenotypic correlations are shown in the upper row; significant correlations in parenthesis and indicated in bold; P-values in 
parentheses are for the difference from zero. Traits are defined in table 1. 













Initial Weight -0.07 0.14 0.14 -0.07 -0.04 0.03 0.03 0.05 -0.09 
(0.24) (0.08) (0.09) (0.21) (0.46) (0.66) (0.63) (0.35) (0.12) 
Cured Weight 0.08 -0.17 -0.17 0.23 0.10 0.08 0.09 0.22 -0.43 
(0.14) (0.04) (0.04) (<0001) (0.10) (0.15) (0.14) (0.0001) (<.0001) 
Yield 0.14 -0.26 -0.26 0.32 0.14 0.08 0.08 0.22 -0.44 
(0.016) (0.001) (0.0009) (<.0001) (0.017) (0.18) (0.17) (0.0001) (<0001 ) 
Circumference 0.15 0.07 0.07 0.12 -0.10 0.02 0.02 -0.09 -0.09 
(0.01) (0.39) (0.43) (0.03) (0.07) (0.78) (0.70) (0.14) (0.13) 
Depth 0.09 -0.07 -0.07 -0.03 -0.05 -0.07 -0.07 0.07 -0.22 
(0.14) (0.42) (0.38) (0.55) (0.43) (0.19) (0.21) (0.21) (0.0001) 
Color 0.30 -0.56 -0.56 0.10 -0.04 -0.29 -0.29 0.04 -0.19 
(<0001) (<.0001) (<0001) (0.10) (0.45) (<0001) (<0001) (0.52) (0.0009) 
Marbling 0.04 -0.14 -0.14 0.28 0.10 0.08 0.07 -0.07 -0.11 
(0.46) (0.09) (0.09) (<0001) (0.08) (0.19) (0.19) (0.22) (0.07) 
Firmness 0.11 -0.35 -0.35 0.03 -0.11 -0.05 -0.05 0.08 -0.16 
(0.05) (<.0001) (<0001) (0.64) (0.06) (0.39) (0.41) (0.14) (0.0063) 
The values for the phenotypic correlations are shown in the upper row; significant correlations are in parenthesis and indicated in bold; P-values in 
parentheses are for the difference from zero.a Fresh and cured Minolta and Hunter L scores refer to the objective color measurements collected in the fresh 
and cured hams, respectively. Traits are defined in table 1. 
Table 4 - Residual correlations between color traits, pH, lipid percentage, dry matter and moisture 
pH Fresh Minolta L a Fresh Hunter L a Lipid % Dry Matter Cured Minolta L " Cured Hunter L " Moisture 
Fresh Minolta L " -0.19 
(0.02) 


















Cured Minolta L a -0.02 0.30 0.30 0.06 -0.02 
(0.75) (0.0001) (0.0001) (0.30) (0.77) 
Cured Hunter L a -0.02 0.30 0.30 0.06 -0.02 0.99 
(0.75) (0.0002) (0.0002) (0.31) (0.73) (<0001) 
Moisture 0.13 -0.14 -0.14 -0.28 -0.14 0.14 0.14 
(0.019) (0.086) (0.09) (<.0001) (0.018) (0.013) (0.01) 
Salt -0.11 0.23 0.23 -0.01 -0.10 -0.04 -0.04 -0.45 
(0.05) (0.004) (0.005) (0.81) (0.07) (0.51) (0.47) (<0001 ) 
The value for the phenotypic correlations are shown in the upper row; significant correlations in parenthesis and indicated in bold; P-values in parentheses 
are for the difference from zero.a Fresh and cured Minolta and Hunter L scores refer to the objective color measurements collected in the fresh and cured 
hams, respectively. Traits are defined in table 1. 
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CHAPTER 3. CANDIDATE GENES FOR THE PRODUCTION OF DRY-CURED 
HAMS 
A paper to be submitted to Mammalian Genome 
Antonio M. Ramos1, Kim L. Glenn2, Timo V. Serenius3, Ken J. Stalder1, Max F. 
Rothschild1'4 
Abstract 
The objective of this study was to determine the effect of candidate genes on fresh and dry-
cured ham processing quality traits. A total of 321 fresh hams were examined and quality and 
physical traits, as well as muscle samples for DNA extraction, were collected. The hams 
were processed following typical U.S. commercial dry-cured ham procedures and additional 
traits were collected from the cured hams. Several genes involved in biological processes 
affecting dry-cured ham production, such as proteolysis and lipolysis, were selected and 
primers were designed in order to amplify specific fragments for each of the genes included 
in this study. PCR-RFLP tests were designed for the genes where polymorphisms were 
discovered and association analyses between each marker and the traits collected were 
performed. Results showed that several genetic markers were significantly associated with 
cured weight and yield, including two genes of the cathepsin family (cathepsins F and K) and 
two genes involved in lipid 
1 Graduate student and Professors, respectively, Department of Animal Science, Iowa State University 
2 Research associate, Department of Animal Science, Iowa State University 
3 Postdoctoral associate, Department of Animal Science, Iowa State University 
4 Author for correspondence 
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metabolism, namely the lipoprotein lipase {LPL) and the stearoyl-CoA desaturase (delta-9-
desaturae) (SCD) genes. Moreover, other markers that significantly affected color traits were 
also identified, as well as markers displaying a significant impact on pH and lipid percentage. 
These markers could be used in pig improvement programs designed to select animals 
possessing genotypes more suitable for the production of dry-cured hams. Furthermore, 
several of these markers affected fresh or "green" ham traits and therefore could be used to 
improve fresh pork quality in a similar manner. 
Introduction 
Dry-curing of meat products, such as cured hams derived from pigs, appeared initially 
as a way to conserve meat for times of scarcity and because of the lack of refrigeration 
(Toldra and Flores 1998). This process of conserving meat, in particular the dry-curing of 
hams, has been preserved and is still utilized today, albeit in a slightly modified form. Dry-
cured hams are obtained after a curing period whose length varies according to the practices 
typical of the regions where they are produced. Other factors, such as pig breed, age, feed and 
the length of the ripening, also contribute to the product's final quality (Toldra and Flores 1998). 
In the USA, a dry-cured ham, known as Country Ham, is produced mainly in the 
southeastern states, like North Carolina, Tennessee and Kentucky. Traditionally, the 
production of dry-cured pork products has been centered in some countries of the 
Mediterranean region (Italy, France, Spain and Portugal), but other similar dry-cured hams 
are produced in other regions of the world. Relative to the hams produced in the 
Mediterranean region, the majority of U.S. dry-cured hams are characterized by shorter 
curing periods and the inclusion of a smoking step in its processing. The relatively high 
market value makes dry-cured ham a very attractive niche market. In 2005, approximately 
3.4 million hams were processed by 20 member companies of the National Country-Ham 
Association. These dry cure or "Country" hams had an estimated retail value that exceeded 
340 million dollars, while in 2006 it is estimated that the total production by members and 
non-members will be approximately 6.5 million hams (Stalder et al. 2006). 
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Fresh pork quality is extremely important for the production of dry-cured hams 
because low pork quality contributes to increased economic losses. Poor processing 
characteristics of low quality pork contribute to excessive purge and increased spoilage that 
in turn are translated into economic losses for the processor. It is possible to increase the 
processor's profit by improving the processing characteristics, mainly by increasing yield and 
decreasing spoilage (Stalder et al. 2005). 
Genetic improvement of traits related to dry-cured ham production is possible and can 
be achieved using quantitative and molecular genetics approaches. Numerous studies have 
demonstrated that there are several genes and chromosomal regions affecting fresh pork 
quality (Bidanel and Rothschild 2002). The genes of interest include genes expressed in 
skeletal muscle and those involved in biological processes that contribute to the ham curing 
process, such as proteolysis and lipolysis. 
Previously, a dataset was collected in a smaller sample of dry-cured hams and used to 
investigate the effect of the PRKAG3 and CAST genes (Stalder et al. 2005) and also of three 
cathepsin genes (B, F and Z) (Ramos et al. 2005) on several fresh and dry-cured ham traits. 
Results have shown a number of promising associations of these markers with a variety of 
traits, which indicated that genetic markers could be useful in order to select for pigs having 
better dry-cure ham processing characteristics. The objective of this study was to further 
evaluate the effect of novel genetic markers on fresh and dry-cured ham processing 
characteristics. 
Materials and Methods 
Ham processing 
Hams were obtained from two pork harvest facilities that routinely supply fresh hams 
to Clifty Farm Country Hams (Paris, TN, USA). It was not possible to determine the breed 
and sex of the animals from which the hams were derived. In order to avoid sampling the 
same animal twice, all hams were sampled from one side only. In order to minimize variation 
due to initial ham weight, only hams between 8.5 and 10.5 kg were utilized in this study. 
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Despite the large number of hams sampled, hams were processed on two days, in order to 
minimize day of harvest effects. 
Fresh ham evaluation 
On each fresh ham several physical and quality traits were collected, including 
weight, circumference (measured using a flexible cloth measuring tape around the section of 
each ham presenting the greatest circumference), depth (measured at the thickest part of the 
ham), subjective color, marbling and firmness scores (in the scale of 1 to 5; NPPC, 2000) and 
objective color scores. Objective color scores were measured on the semimembranosus 
muscle of each ham face using a Minolta Chroma Meter (Ramsey, NJ, USA) with a 50 mm 
aperture, using Standard Illuminant C light source and 0° viewing angle geometry. The 
Minolta Chroma Meter was calibrated against a white tile standard prior to use. The values 
recorded included Minolta and Hunter L, a, and b scores and were only recorded in the first 
day of data collection because of machine malfunction on day 2. In addition, a sample of the 
semimembranosus was collected from each ham to obtain pH, lipid percentage and dry 
matter percentage. Approximately 75 g of the semimembranosus sample collected was 
homogenized using a standard food processor until it was finely ground. Prior to pH 
determination, the pH meter (model IQ150, IQ Scientific Instruments, CA, USA) was 
standardized in a solution with a known pH of 7.0. The probe was rinsed in double distilled, 
deionized water between samples. The probe was inserted into the ground ham sample and 
two pH values were obtained from each sample and averaged. 
Lipid percentage was determined using a modified lipid extraction procedure based 
on the method described by Folch et al. (1957). In order to calculate dry matter, a sample of 
ground pork (1 g) was incubated at 80 °C and weighed several times until the sample reached 
constant weight. Dry matter was then expressed as a percentage of initial sample weight. 
Dry-cure processing 
All hams were processed following standard commercial curing procedures in place 
at Clifty Farm Country Hams, including application of a salt mixture, curing time, curing 
temperature and humidity. In order to maintain individual ham identification through the 
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curing process, each ham was individually identified using a commercially available tagging 
system (Laser®3™, Koch Supplies, North Kansas City, MO, USA). 
Cured ham evaluation 
Upon completion of the curing process, all hams were weighed and yield was 
calculated as the weight of the cured ham divided by the weight of the fresh ham. Slices (9 
mm thick) from each ham were cut perpendicular to the femur using a band saw. Afterwards, 
the same objective color scores described above were evaluated on the semimembranosus 
muscle from a slice obtained from approximately the center of each cured ham. A sample of 
each slice was retained for further analytical determinations including moisture and salt 
content. First, the cured ham samples were finely ground using the procedures described 
above. Moisture was determined from a 50 g ground sample using the procedures described 
for evaluating fresh ham dry matter percentage. The salt content was calculated using 10 g 
samples analyzed with a Sodium Ion Selective Electrode attached to a Model 225 pH-ISE 
meter (Denver Instrument Company, Arvada, CO, USA) with a standard curve verified by 
AOAC (1990) standard method. 
Molecular genetic marker evaluation 
DNA was extracted from the muscle samples using a standard DNA extraction 
method. In order to account for genes that are known to have a major impact on pork quality, 
all samples were initially genotyped for the porcine stress syndrome gene (RYR1 - ryanodine 
receptor 1 gene, usually indicated as the HAL 1843™ mutation) and for the RN" or Napole 
genotype using the procedures described by Fujii et al. (1991) and Milan et al. (2000), 
respectively. Additionally, the genotype for three markers previously described in the 
literature, namely the protein kinase, AMP-activated, gamma 3 non-catalytic subunit 
(PRKAG3) Ile 199 Val mutation (Ciobanu et al. 2001), the calpastatin (CAST) Ser 638 Arg 
mutation (Ciobanu et al. 2004) and the Glu to Asp mutation previously detected in exon 9 of 
the porcine cathepsin F (CTSF) gene (Russo et al. 2004) were determined on all hams. 
In addition to these markers, new genetic markers were developed using single 
nucleotide polymorphisms (SNPs) identified in a total of 12 genes, including the ankyrin 
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repeat and SOCS box-containing 15 (ASB15), calpain 1, large subunit (CAPN1), cathepsin B 
(CTSB), cathepsin F (CTSF), cathepsin K (CTSK), cathepsin L (CTSL), glyceraldehide-3-
phosphate dehydrogenase (GAPDH), muscle glycogen synthase 1 (GYS1), lipoprotein lipase 
(LPL), phytanoyl-CoA hydroxylase (PHYH), protoporphyrinogen oxidase (PPOX) and 
stearoyl-CoA desaturase (SCD) genes. 
Initially, primer sets were designed for each of these genes in order to amplify several 
PCR fragments from each gene. After PCR optimization of these primer sets, pooled PCR 
products were sequenced for each gene using an ABI automated DNA sequencer (Applied 
Biosystems, Foster City, CA, USA). The pools consisted of animals from each of the two 
processing plants from where the hams were provided and the sequence comparison between 
these pools was used to identify SNPs. The sequences were analyzed using Sequencher 
software version 3.0 (Gene Codes, Ann Arbor, MI, USA). After identification of the 
polymorphisms present in each gene, new primer sets were designed in order to create PCR-
RFLP tests for those polymorphisms found within recognition sites of restriction enzymes. 
The sequences of these primer sets for each gene are indicated in Table 1. These PCR-RFLP 
tests were used to genotype the whole dataset. 
Amplifications were performed using 12.5 ng of porcine DNA, lx PCR buffer, 2.5 
mM of MgCl2, 0.125 mM each dNTP, 0.3 mM of each primer and 0.35 U Taq polymerase 
(Promega, Madison, WI, USA). The PCR conditions consisted of an initial step at 94 °C for 
3 minutes followed by 35 cycles of 94 °C for 30 seconds, specific annealing temperature for 
each primer set (Table 1) for 30 seconds and 72 °C for 30 seconds. The final extension step 
consisted of 3 minutes at 72 °C. 
Digestions were performed using the restriction enzyme for each PCR-RFLP test 
(Table 1) following the recommendations of the manufacturer. The locations of the SNPs 
within the genes, as well as the fragment sizes for each allele, are also presented in Table 1. 
Statistical analyses 
The PROC GLM procedure of SAS (1996) was used to analyze the data with a model 
that included ham source, day of sampling and marker genotype as fixed effects. For the 
objective color scores determined on the fresh hams, the model included only ham source 
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and marker genotype because these traits were collected only on the first day of sampling. 
Information on other effects such as breed, sex or sire, were not available for the dataset 
analyzed. Significant differences were declared when the marker genotype effect was a 
significant source of variation in the analysis of variance and the P value for the difference 
between the least squares means for each marker genotype was less than 0.05, to reject the 
null hypothesis that all means were equal. Animals that were carriers or homozygous for the 
unfavorable allele at the RYRl and PRKAG3 loci were removed from the dataset to remove 
major genes known to impact pork quality. 
Results 
The initial dataset included 321 hams. However, the dataset used for the statistical 
analyses contained only 299 hams, after removing the 22 animals carriers or homozygous for 
the RYRl and PRKAG3 unfavorable allele. Hams were evaluated for 25 traits measured in the 
fresh and dry-cured hams. A total of 14 new genetic markers were developed using the SNPs 
discovered in 12 different genes. Of the 14 SNPs identified, only 4 were located in exons, in 
the ASB15, CTSF, GYS1 and PPOX genes. Out of these, three SNPs resulted in amino acid 
changes at the protein level, namely an asparagine to serine change in CTSF exon 6, an 
arginine to cysteine change in GYS1 exon 5 and an aspartic acid to tyrosine change in PPOX 
exon 11. The exonic mutation located on ASB15 exon 9 did not change the amino acid 
sequence of the protein. 
Significant associations were detected for several marker-trait combinations and far 
exceeded the number expected by chance alone but only the relevant associations will be 
discussed here. Results from the analyses performed showed significant associations between 
two markers (CTSF Earl and SCD Bsrl) with cured weight and yield (Table 2). In addition, 
suggestive associations (P < 0.1) with these traits were also found for four additional 
markers, two in the CTSF gene, the CTSF BpmA and the CTSF Rsal marker previously 
described by Russo et al. (2004), another cathepsin marker, in the CTSK gene (CTSK AciY) 
and the LPL Msp\ marker. CTSF Earl genotype 22 presented significantly higher cured 
weight and yield values when compared with genotype 12 (P < 0.01). For this marker, no 
animals carrying genotype 11 were detected in the dataset. The SCD Bsrl marker showed the 
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strongest association with cured weight and yield (P < 0.001). Genotype 22 for this marker 
was associated with increases in these traits, with the yield difference between genotypes 11 
and 22 estimated to be 2.33%. 
Several subjective and objective color traits were measured on the fresh and cured 
hams, and there were numerous markers significantly associated with these traits (Table 3). 
The only marker associated with all color traits measured was the GYS1 Hhal marker, 
although the associations with the cured Minolta and Hunter L scores were only suggestive 
(P < 0.1). Furthermore, the direction of the effects of this marker's genotypes varied for the 
three color traits measured on the fresh hams (color and fresh Minolta and Hunter L scores). 
Nevertheless, for the Minolta and Hunter L scores measured in the fresh and cured hams 
GYS1 Hhal genotype 11 was always associated with darker meat. Another marker associated 
with color was PRKAG3 BsaHl. Genotype 12 for this marker was associated with lower 
values (indicating darker meat color) for the Minolta and Hunter L scores measured in the 
fresh hams. However, the same was not observed for the same traits when measured on cured 
hams. Genotype 22 was associated with darker cured meat color. Two of the markers 
significantly associated with cured weight and yield (CTSF Earl and SCD Bsrl) were also 
significantly associated with color traits, namely fresh Minolta and Hunter L scores for CTSF 
Earl and subjective color scores and cured Minolta and Hunter L scores for SCD Bsrl. Based 
on the results of the present study, the desirable genotypes for yield at the two loci were also 
the genotypes associated with darker meat. However, when taken to a more extreme 
condition, darker meat is associated DFD (dark, firm and dry) meat, an undesirable quality 
condition in pork. Finally, the CAPN1 Taql and CTSB Nlalll markers showed suggestive 
associations with at least two of the color traits measured, namely fresh Minolta and Hunter 
L values for CAPN1 Taql and cured Minolta and Hunter L scores for CTSB Nlalll. 
Two additional traits of interest for the pork processing industries are lipid percentage 
(marbling) and pH. Several markers affecting these two traits were identified in this "study 
(Table 4), including three cathepsin markers. Significant associations were detected for a 
total of four markers, including CTSB Hincll, CTSB Nlalll, GAPDH BseRl and SCD Bsrl 
and percentage lipid content, with differences between genotypes being approximately 0.3%. 
Concerning the SCD Bsrl marker, the genotype associated with higher lipid percentage 
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(genotype 22) was also the favorable genotype for cured weight and yield. The two CTSB 
markers were also significantly associated with pH, as well as another cathepsin marker, 
CTSL MseI, and also CAPN1 Taql. All of these markers influenced pH in a clearly additive 
way, except the CTSL marker. Associations with other traits, such as marbling, firmness and 
salt percentage were also detected (results not shown). 
Discussion 
The objective of the current study was to evaluate the effect of genetic markers on 
fresh and dry-cured ham processing characteristics. The traits discussed can be grouped to (i) 
weight and yield traits, (ii) color traits, and (iii) lipid percentage and pH. 
Weight and yield traits 
Cured weight and yield are arguably the two most important traits from the 
processor's perspective, since improvements in any of these traits will immediately translate 
into increased kg and since payment is on a weight basis presumably profit. Two of the genes 
that affected these traits should be emphasized, namely the CTSF and SCD genes. Cathepsins 
are lysosomal enzymes involved in the proteolysis that is observed during the dry-curing 
process, whose activity is preserved throughout the curing process (Parreno et al. 1994). 
Hence, genes from the cathepsin family are excellent candidates to explain variation in traits 
related to dry-cured ham production. The influence of two cathepsin genes on these traits was 
initially studied in Italian pigs, with results indicating significant associations for the CTSB 
and CTSF genes (Russo et al. 2002; Russo et al. 2003). Additional markers were then 
analyzed at the CTSB (CTSB Hincll) and CTSZ (cathepsin Z) genes (Ramos et al. 2005) 
using a smaller dataset collected previously at the same processing plant where the present 
study took place. The CTSF Rsal marker described by Russo et al. (2003) was also included. 
Results from the study by Ramos et al. (2005) showed that the markers in these three 
cathepsin genes affected cured weight, while suggestive associations with yield were also 
detected for CTSB and CTSZ. Two new SNPs in the CTSF gene were identified in the present 
study, carried out using a larger dataset. Results show that not only were all three CTSF 
markers again significantly associated with cured weight and yield, but also that the direction 
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of the effects for the CTSF Rsal marker was the same (genotype 22 was associated with 
increased yield in both studies). This confirmed the results obtained previously and provides 
strong evidence that the CTSF gene is an excellent candidate to be used in selection schemes 
employed by swine breeders which are designed to improve cured weight and yield of dry-
cured hams. Moreover, it would also be of interest to investigate the effect of this gene in 
other dry-cured hams, such as the ones produced in the Mediterranean region in countries 
like Italy, France, Spain, and Portugal. 
In this study, a new marker was developed for the CTSB gene (CTSB NiaiII). 
However, the two CTSB markers analyzed did not show an association with cured weight and 
yield, which is not in agreement with the earlier results obtained by Ramos et al. (2005). 
There are several reasons that potentially can explain these differences (breeds analyzed, 
number of hams analyzed, etc.), but the experimental design of both studies did not allow us 
to clearly identify reasons why inconsistencies exist for the CTSB gene effect on cured 
weight and yield. It was also not possible to compare results for CTSZ because this marker 
was not segregating in the dataset analyzed in the present study. The CTSK Ac il marker also 
displayed a suggestive association with cured weight, but not with yield. This gene should be 
further evaluated, by sequencing different regions in order to identify additional 
polymorphisms that could either confirm or discard this gene as a candidate to explain 
variation in cured weight and yield of dry-cured hams. 
In addition to proteolysis, lipid metabolism also plays an important role in the 
production of dry-cured hams. Lipids play a central role in a variety of pork quality traits. 
During processing they are subjected to degradation by lipolysis and oxidation (Gandemer, 
1999). Therefore, genes involved in the metabolism of lipids can also be considered good 
candidates to explain variation in dry-cured ham production traits. This study identified two 
genes associated with cured weight and yield, namely the LPL and SCD genes. The main 
LPL function is the hydrolysis of triglycerides and mutations in this gene have been 
associated with human lipid metabolism disorders (Murthy et al. 1996). The SCD gene codes 
for the enzyme responsible for the conversion of saturated fatty acids into mono-unsaturated 
fatty acids in mammalian adipocytes (Taniguchi et al. 2004). The LPL Mspl genotype 11 was 
associated with higher cured weight and yield, but these associations were only suggestive. 
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The SCD Bsrl marker presented the strongest associations (P < 0.0001) with cured weight 
and yield. This marker impacted these two traits in a clearly additive way, with genotype 22 
being the preferred genotype. The difference observed between genotypes 11 and 22 for this 
marker was relatively large, especially for yield, where a 2.33% difference was detected. 
These differences in yield may be worth over $ 1 dollar per ham and illustrate the potential 
benefit of using molecular markers for the improvement of dry-cured ham traits, especially 
when the number of hams produced annually and their relatively high market value is 
considered. 
Color traits 
Another important trait associated with pork quality is meat color. Several color traits 
were evaluated in the present study, using subjective and objective color measurements in 
both the fresh and cured hams. Results again identified several genes significantly associated 
with meat color (Table 3). In particular, the GYS1 Hhal marker affected all color traits 
measured in the fresh and cured hams. However, some of the associations were only 
suggestive (P < 0.1) and the direction of the genotype effects on the color traits measured in 
the fresh hams was inconsistent. Because of a machine malfunction, the number of animals 
with data for fresh Minolta and Hunter L scores was smaller. Nonetheless, GYS Hhal 
genotype 11 was always associated with lower values (indicating darker meat) of the Minolta 
and Hunter L scores measured in both the fresh and cured hams. The PRKAG3 marker 
identified by Ciobanu et al. (2001) also presented similar results, even though it did not 
significantly impact color. Interestingly, the two markers showing the largest influence on 
cured weight and yield (CTSF Earl and SCD Bsrl) were also significantly associated with 
color, with the best genotype for yield being consistently associated with meat that is more 
red in color. This trend was also observed for other markers affecting yield, i.e. the best 
genotype for yield was also the best genotype for several other meat quality traits, such as 
marbling, firmness (results not shown), lipid percentage and pH (discussed below). This 
emphasizes the importance of using high quality fresh pork in the production of dry-cured 
hams. 
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Lipid percentage and pH 
Several genetic markers for a variety of fresh pork quality traits, such as pH and lipid 
percentage were also identified (Table 4). These markers, while important for the production 
of dry-cured hams, can also be used in the improvement of fresh pork quality because they 
were measured on the hams before curing. Significant associations with lipid percentage and 
pH were detected for the two CTSB markers analyzed in this study, with results 
demonstrating that the genotype associated with higher lipid percentage was also associated 
with lower (poorer) ultimate pH values. Moreover, the SCD Bsrl genotype 22, associated 
with higher cured weight and yield, was also significantly associated with higher lipid 
percentage. Previous studies have reported an influence of the SCD gene on beef fatty acid 
composition (Yang et al. 1999; Taniguchi et al. 2004), which supports the role played by this 
gene in lipid metabolism. Results from the present study suggest that lipid percentage is an 
important trait to consider in the production of dry-cured hams, even though the biological 
mechanisms that explain this influence are still unclear. 
Conclusions 
In this study, a total of 14 new genetic markers were developed using the SNPs 
identified in 12 candidate genes for fresh and dry-cured ham processing quality traits. Many 
of these markers were significantly associated with two important traits for the dry-cured 
ham industry, namely cured weight and yield. The differences observed between genotypes 
at two markers (CTSF Earl and SCD Bsrl) were large and can potentially have a significant 
impact on profit if used in selection programs to improve cured weight and yield. However, 
as no information on the breed and sex was available for the animals used in this study, these 
associations should be tested in different pig populations. The best genotype for yield was 
consistently the best genotype for other fresh and cured pork quality traits. Significant 
associations with color (measured in the fresh and cured hams) and other fresh pork quality 
traits were also identified. Even though some of these markers did not affect cured weight or 
yield they can potentially be used in the improvement of fresh pork quality traits. The fact 
that dry-cured ham production represents only a small portion of the total pork production 
market worldwide could discourage the implementation of selection programs for this 
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product, where molecular information could also be included. However, pigs with desirable 
qualities for dry-cured ham production could be bred and serve as sire lines, for example for 
improved meat quality. Another possible application of the molecular marker information 
developed from this study would be for sorting carcasses based on genotypes from animals 
that display the preferred characteristics for the production of fresh or dry-cured pork 
products. 
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Table 1 - Genes analyzed, primers, PGR annealing temperature, position of SNPs, restriction enzymes used, PCR-RFLP fragment 
sizes and allele frequencies in a study of the association between genetic markers and fresh and dry-cured ham processing 
characteristics 
Marker Primer Primer Sequence (5' - 3') 
Fragment Annealing SNP Restriction 
size (bp) temp. (°C) position enzyme 
Fragment sizes (bp) 
and allele freq. (%) 
ASB15 AS01F GAGTTT ATT ACAGTTCCTTG 114 
ASO1R TAT ATT ATT AGCAGATTTCAGTTT AGTACA 
CAPN1 CN01F CCAACTCCTCCAAAACCTATG 529 
CN01R CCTGGGATGGGAAAGACC 
CTSB CTBF GGAAGCCATCTCTGACCG 282 
CTBR TGGGGCACCTCTGGGAAAG 
CTSB CTB02F AGAATGGCACCCCCTACTG 284 
CTB02R CCACTCGTCCCTGTACCTGA 
CTSF CTFOIF ACACTGGCACAGCTCGGTA 314 
CTF01R CCTGGTCCTTGACTTTGGTG 
CTSF CTFOIF ACACTGGCACAGCTCGGTA 314 
CTFOIR CCTGGTCCTTGACTTTGGTG 
CTSK CTK02F TTGTTTCCATATTCAGACCAAGT 200 
CTK02R ATCGCTATTGCAGTTTTCATCG 
CTSL CTLOIF AACAGGGAGGTTTCCACTTG 231 
CTL01R CGCACACAGACACATACACAC 



























114 bp (allele 1) (55.9 %) 
86, 28 bp (allele 2) (44.1 %) 
529 bp (allele I) (24.2%) 
373, 156 bp (allele 2) (75.8%) 
282 bp (allele I) (34.0%) 
236,46 bp (allele 2) (66.0%) 
178, 106 bp (allele I) (51.9%) 
121, 106, 57 bp (allele 2) (48.1 %) 
294, 20 bp (allele I) (52.9%) 
231,63,20 bp (allele 2) (47.1 %) 
314 bp (allele I) (8.7 %) 
174, 140 bp (allele 2) (91.3%) 
200 bp (allele 1) (59.1 %) 
134, 66 bp (allele 2) (40.9%) 
200,31 bp (allele 1) (43.9 %) 
160, 40,31 bp (allele 2) (56.1 %) 
BseR I 186,21 bp (allele I ) ( 17.4 %) 






289 52 Exon 5 Hha I 
289 bp (allele I ) (81.1 %) 
220, 69 bp (allele 2) (18.9%) 
LPL LP01F 
LPOIR 
TGGTTTGGCCTGTGT AGAG A 
TTGGAGCTTCTGCAT ACTCG 
364 54 Intron 4 Msp I 
364 bp (allele 1) (41.6 %) 
275, 89 bp (allele 2) (58.4 %) 
PHYH PH01F 
PH01R 
TGGCTGGCTTT AATCTT AGTCC 
TGGACACATCTCTCATCAGCA 
537 52 Intron 3 Aci I 
430, 106 bp (allele 1) (51.5 %) 
383, 106,48 bp (allele 2) (48.5%) 




310 57 Exon 11 Hph I 
252, 58 bp (allele 1) (57.8v) 
150, 102, 58 bp (allele 2) (42.2 %) 
SCD SCO IF 
SC01R 
CCAGCTCT AGCCTTT AAT ACCC 
GCTTT AGGAAACAAAAGTTGGA 
434 54 Intron 1 fl.ST I 
434 bp (allele 1 ) (30.2 %) 
282, 152 bp (allele 2) (69.8%) 
* The genes analyzed were ankyrin repeat and SOCS box-containing 15 (ASB15), calpain 1, large subunit (CAPNl), cathepsin B 
(CTSB), cathepsin F (CTSF), cathepsin K (CTSK), cathepsin L (CTSL), glyceraldehide-3-phosphate dehydrogenase (GAPDH), 
muscle glycogen synthase 1 (GYS1), lipoprotein lipase (LPL), phytanoyl-CoA hydroxylase (PHYH), protoporphyrinogen oxidase 
(PPOX) and stearoyl-CoA desaturase (SCD). 
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Table 2 - Least squares means and standard errors of six gene markers for dry-cured ham 
weight and yield 
Ham Trait 
Gene Marker Cured Weight (kg) Yield (%) 
CTSFBvml < 0.24 f < o.og 
11 7.23 ±0.04 77.79 ± 0.31c 
12 7.25 ±0.04 77.83 ± 0.17c 
22 7.32 ±0.04 78.77 ±0.39d 
CTSF Earl P<0.01 f < 0.004 
12 7.18 ± 0.04e 77.09 ±0.33e 
22 7.28 ± 0.02f 78.17 ±0.15f 
CTSF Rsal f < 0.06 P<0.10 
11 7.22 ± 0.04c 77.74 ± 0.27a 
12 7.24 ± 0.03a 77.75 ± 0.21c 
22 7.32 ± 0.04d,b 78.48 ± 0.29b,d 
CTSK A ciï f <0.07 f < 0.72 
11 7.22 ± 0.03c 77.68 ± 0.24 
12 7.26 ± 0.03c,d 77.95 ±0.19 
22 7.32 ± 0.04d 78.58 ±0.36 
LPL Mspl 7>< 0 .72  f < 0.07 
11 7.32 ±0.03 78.55 ± 0.31a,c 
12 7.25 ± 0.02 77.93 ± 0.21b 
22 7.23 ±0.02 77.67 ± 0.22d 
SCD Bsrl P < 0001 f <.0007 
11 7.13 ±0.05e 76.60 ± 0.39e 
12 7.19 ± 0.02e 77.19 ±0.20e 
22 7.35 ± 0.02f 78.93 ±0.18f 
* - P-value for the gene effect; For each marker and trait, means within the same column with different 
superscripts differ a,b P-value <0.1; c,d P-value < 0.05; e,f P-value < 0.01 
Number of observations per marker: CTSF Bpml (290); CTSF Earl (286); CTSF Rsal (281); CTSK Acil 
(296); LPL Mspl (298); SCD Bsrl (291) 
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Table 3 - Least Squares means and standard errors of six genetic markers for meat color traits 
determined in fresh and cured hams 
Ham Trait 









CAPNl Taal P < 0.J7 7>< 0.09 f < 0.70 f < 0.92 f < 0.PJ 
11 3.51 ±0.17 54.48 ± 1.01c,d 47.44 ± 1.01c, d 50.10 ±0.47 43.02 ±0.47 
12 3.35 ±0.08 55.85 ±0.47d 48.80 ±0.48d 50.08 ±0.21 43.02 ±0.21 
22 3.32 ±0.06 54.55 ± 0.39c 47.50 ± 0.39c 50.19 ±0.16 43.10 ± 0.16 
CTSB Malll P < 0. # f < 0J7 f < 0. f < 0.70 f < 0.70 
11 3.22 ± 0.09 55.21 ±0.58 48.13 ±0.58 50.54 ± 0.24c 43.47 ± 0.24c 
12 3.36 ±0.06 54.67 ±0.41 47.60 ±0.41 50.24 ±0.17c,d 43.16 ± 0.17c,d 
22 3.38 ± 0.09 55.35 ±0.60 48.35 ±0.60 49.78 ± 0.26d 42.71 ±0.26d 
CTSF Earl 7> < 0.2j f < O OP f < 0.07 f < 0.77 f < 0.67 
12 3.20 ±0.11 55.90 ± 0.60a 48.92 ± 0.60a 50.30 ±0.30 43.26 ± 0.30 
22 3.35 ±0.05 54.74 ± 0.34b 47.66 ± 0.34b 50.20 ±0.14 43.12 ±0.14 
GYS1 Hhal P < 0.00& P < 0.05 f < 0.04 f < 0.7J f <0.70 
11 3.39 ± 0.05c 54.38 ± 0.36c 47.31 ± 0.36c 50.03 ±0.15 42.95 ± 0.15c 
12 3.14 ± 0.08d,e 55.78 ± 0.49d 48.75 ± 0.50d 50.53 ± 0.23 43.48 ± 0.23d 
22 3.69 ± 0.19f 55.95 ± 1.10c,d 48.97 ± 1.10c,d 50.68 ± 0.54 43.61 ± 0.54c,d 
PRKAG3 BsaH\ f < 0.40 f < 0.02 f < 0.02 f < 0.06 f < 0.06 
11 3.27 ±0.17 55.05 ± 0.99e,f 47.97 ± 0.99e,f 50.90 ± 0.44a 43.81 ± 0.44a 
12 3.41 ±0.08 53.80 ±0.52e 46.71 ±0.52e 50.47 ± 0.20a 43.38 ± 0.20a 
22 3.28 ± 0.06 55.59 ±0.37f 48.56 ±0.37f 49.98 ± 0.16b 42.90 ± 0.16b 
SCD Bsrl f <0.02 f < 0.&4 f < O.gj f <0.02 f <0.02 
11 3.18 ± 0.14a 54.69 ±0.86 47.61 ±0.86 50.03 ± 0.37e,f 42.95 ± 0.37e,f 
12 3.21 ±0.07e 55.23 ± 0.49 48.18 ±0.50 50.61 ±0.20e 43.53 ±0.19e 
22 3.46 ± 0.06b,f 54.96 ±0.41 47.92 ±0.41 49.90 ± 0.17f 42.82 ±0.17f 
* - P-value for the gene effect; For each marker and trait, means within the same column with different 
superscripts differ a,b P-value <0.1; c,d P-value < 0.05; e,f P-value < 0.01 
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Number of observations per marker for color, cured Minolta L and cured Hunter L: CAPNl Taql (285); CTSB 
7VMII(296); CTSF Earl (286); GYS1 Hhal (293); PRKAG3 BsaHl (289); SCD Bsrl (291). 
Number of observations per marker for fresh Minolta L and fresh Hunter L: CAPNl Taql (135); CTSB 
MoIII(143); CTSF Earl (138); GYS1 Hhal (142); PRKAG3 BsaHl (141); SCD Bsrl (139). 
Table 4 - Least squares means and standard errors for genetic markers showing associations for lipid percentage and pH from the 
evaluation of dry-cured ham processing characteristics 
CTSB Hindi * CTSB Nlalll ~ GAPDH BseRl * SCD Bsrl 
Trait il 12 22 Î1 12 22 ÏÏ 12 22 il 12 22 
Z47 237 2ÏÏ4 2A2 Ï3Ï 2Â5 2~48 259 2Â9 2ÏÏ9 2A4 2.45 
Lipid % ± ± ± ± =t ± ±±± ±±± 
0.14a 0.07a 0.07b 0.10c 0.07c,d 0.1 Od 0.16e,f 0.12e 0.06f 0.15e,f 0.08e 0.07f 
CTSB Hincll CTSB Nlalll CTSLMsel CAPNl Taql 
Trait 11 12 22 11 12 22 11 12 22 11 12 22 
5.94 6.00 6.06 6.05 6.03 5.95 5.92 6.04 6.02 6.12 6.06 5.97 
pH ± ± ± ± ± ± ± ± ± ± ± ± 
0.05a 0.02a,b 0.02b 0.03c 0.02a 0.04b,d 0.04c 0.02a,d 0.03b 0.07c 0.03c 0.02d 
For each marker and trait, means within the same row with different superscripts differ a,b P-value <0.1; c,d P-value < 0.05; e,f P-value < 0.01 
Number of observations per marker for lipid percentage: CTSB Hindi (290); CTSB JV/aIII(296); GAPDH BseRl (285); SCD Bsrl (291 ). 
Number of observations per marker for pH: CTSB Hindi (290); CTSB AVal 11(296 ); CTSL Msel (293); CAPNl Taql (285). 
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CHAPTER 4. MAPPING OF 21 GENETIC MARKERS TO A QTL REGION FOR 
MEAT QUALITY ON PIG CHROMOSOME 17 
A paper published in Animal Genetics1 vol. 37(3), 296(2006) 
A. M. Ramos2, J. Helm3, J. Sherwood2, D. Rocha4 and M. F. Rothschild2,5 
Source and description: Several studies have identified numerous quantitative trait loci 
(QTL) for a variety of traits in several regions of the pig genome. However, these QTL 
usually span intervals that vary from 5-20 cM, which makes their use in pig breeding 
schemes very difficult. The objective of this study was to generate a high resolution map by 
increasing the marker density of a region on SSC17 harboring QTL for meat quality traits. 
Animals'. DNA samples were obtained from a reference family developed from a Berkshire 
and Yorkshire (BxY) intercross. This pedigree was used to map QTL for meat quality, 
growth and carcass composition traits using initially only microsatellite markers.1,2 
Gene selection and primer design: Gene selection was based on the existing comparative 
maps between HSA20 and SSC 17, and genes anticipated to map specifically to the SSC 17 
QTL region were selected. A total of 21 primer sets were designed in order to amplify 
specific fragments of the markers analyzed in this study (Table 1). 
1 Reprinted with permission of Animal Genetics, 2006, vol. 37(3), 296. 
2 Graduate students and Professor, respectively, Department of Animal Science, Iowa State University 
3 Biologist, National Institute of Arthritis and Musculoskeletal and Skin Diseases 
4 Researcher, Sygen International pic, Department of Pathology, University of Cambridge 
5 Author for correspondence 
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PCR amplification, sequencing and polymorphism identification: PCR amplification 
followed standard conditions. Pooled PCR products were sequenced for each marker in order 
to identify polymorphisms. These sequences were analyzed, annotated and submitted to 
GenBank. After the polymorphism identification step new primer sets were designed to 
create PCR-RFLP tests, used to genotype the entire BxY pedigree. The accession number, 
primer set sequence, MgCl2 concentration, annealing temperature, restriction enzyme, SNP 
location and allele sizes for each marker are indicated on Table 1. 
Chromosomal assignment: The genotypes obtained after genotyping the BxY population with 
each PCR-RFLP test were used to linkage map the markers with two- and multi-point 
analyses, using CRIMAP version 2.4.3 Genotypes from eight microsatellite markers and two 
genes previously assigned to SSC 17, namely the melanocortin 3 receptor (MC3R) and agouti 
signaling protein, nonagouti homolog (mouse) (ASIP),4 were also used to construct the 
SSC 17 linkage map. All markers were significantly linked to others already on SSC 17. The 
best SSC 17 map order was produced by multi-point analysis with all markers. The length of 
the sex-averaged linkage map for SSC 17 was determined to be 119.3 cM. The positions of 
each marker in the linkage map are indicated on Table 2. 
Comments: The map reported in this study is longer than other SSC 17 maps published. To 
evaluate the effect on map length of adding markers, we calculated the BxY SSC 17 map 
using only the eight microsatellite markers available. This map was 98.2 cM long, shorter 
than the map with 33 markers by 21.2 cM. The most useful map to use as a comparison is the 
USDA-MARC SSC 17 map 
(http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=9823&chr=l7) because it contains six 
microsatellites common to our map (Table 2). When only microsatellites are included in the 
calculation of the maps, the lengths of both maps are nearly the same (98.2 cM and 97 cM, 
respectively), and all six microsatellites occupy approximately the same positions (Table 2). 
The increase in length in the ISU map with 33 markers is observed in intervals where several 
markers were added, namely in the region flanked by microsatellites SO359 and SW2431, 
where 21 markers were mapped. 
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Table 1 - Information regarding the genes analyzed, primers, PCR conditions used, position of SNPs, restriction enzymes used and 















Primer Sequence (5' - 3') Fragment MgCI2 Annealing §N£ 
size (bp) (mMI temp. ("CI position 
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466 (allele I); 
408 and 58 (allele 2) 
206 (allele 1); 
186. 20 (allele 2) 
242 (allele I); 
147. 95 (allele 2) 
400 (allele 1); 
233, 167 (allele 2) 
448 (allele I): 
309, 139 (allele 2) 
253, 128 (allele 1); 
177, 128, 76 (allele 2) 
423 (allele 1); 
373, 50 (allele 2) 
226 (allele 1 ); 
205,21 (allele 2) 
238, 136, 10 (allele I); 
238,73, 63, 10 (allele 2) 
634 (allele 1); 
381, 253 (allele 2) 









































































































245, 152 (allele 2) 
496 (allele 1 ); 
404, 92 (allele 2) 
261 (allele 1); 
240.21 (allele 2) 
406(allele I); 
365.41 (allele 2) 
324, 110 (allele I); 
324,59,51 (allele 2) 
310,92 (allele 1); 
164, 146, 92 (allele 2) 
207 (allele 1); 
190 (allele 2) 
321 (allele I); 
274, 47 (allele 2) 
330 (allele I ); 
260, 70 (allele 2) 
255 (allele I ); 
212.43 (allele 2) 
308 (allele I); 
240, 68 (allele 2) 
SN - sialoadhesin; MYLK2 - myosin light chain kinase 2, skeletal muscle; PK1G - protein kinase (cAMP-dependent, catalytic) inhibitor gamma; MMP9 -
matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa type IV collagenase); PTPNl - protein tyrosine phosphatase, non-receptor type 1; ATP9A 
- ATPase, Class II, type 9A; CYP24A1 - cytochrome P450, family 24, subfamily A, polypeptide 1; DOK5 - docking protein 5; AURKA - aurora kinase A; 
SPOll - SPOll meiotic protein covalently bound to DSB-like (S. cerevisiaej; RAE1 - RAE1 RNA export 1 homolog (S. pombe); PCK1 -
phosphoenolpyruvate carboxykinase 1 (soluble);RAB22A - RAB22A, member RAS oncogene family; GNAS - GNAS complex locus; CTSZ - cathepsin Z; 
PPP1R3D - protein phosphatase 1, regulatory subunit 3D. 
• BAC end sequences mapped; n.a. - not applicable; $ The polymorphism discovered for the BAC end sequence RP44-431M20 was a 17 base pair 
insertion/deletion, reason why no restriction enzyme was used. 
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Table 2 - Map positions of the genetic markers analyzed in three linkage maps 




ISU map USDA-MARC map 
(8 markers) (22 markers) t 







SWR1004A 6.9 6.9 17.8 





S0292 57.0 50.3 



































SW2431A 113.4 93.1 94 
PPP1R3D 116.3 
SW2427k 119.3 98.2 97 
A Microsatellites common to the ISU and USDA-MARC SSC 17 linkage maps 
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CHAPTER 5. COMBINING FINE MAPPING AND GENOME SEQUENCING FOR 
THE MOLECULAR DISSECTION OF PIG SSC17 MEAT QUALITY QTL 
A paper to be submitted to Genetics 
Antonio M. Ramos1, Sean J. Humphray2, Jane Rogers2 and Max F. Rothschild1'3 
ABSTRACT 
A large number of quantitative trait loci (QTL) affecting important pig production traits have 
been identified so far. Previously, several meat quality QTL were detected on pig 
chromosome 17 (SSC 17). Fine mapping of the QTL region was achieved by initially adding 
23 genetic markers to the linkage map, for a total of 31 markers. New QTL analyses were 
then performed using the new linkage map. A BAC clone tile path spanning the entire QTL 
region was selected and sequenced. The regions more likely to contain the causative 
mutation(s) responsible for the QTL were identified using linkage disequilibrium and QTL 
segment mapping approaches. The coding region of 15 genes located in these regions was 
sequenced and analyzed for the presence of exonic non- synonymous polymorphisms. Upon 
identification of such mutations, 10 new markers were added to the map, bringing the final 
number of markers mapped to 41, and the effect of each marker on the QTL traits analyzed in 
F2 and commercial lines of pigs. Results presented suggest that two genes, namely A URKA 
and BMP7, may be responsible for some of the observed QTL. 
1 Graduate student and Professor, respectively, Department of Animal Science, Iowa State University 
2 Researchers, The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus 
3 Author for correspondence 
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A detailed analysis of the entire QTL region supports the possibility that these genes may 
contain the causative mutations for AVLAC and AVGP (AURXA) and meat color (BMP7) 
QTL. In addition, genes in strong linkage disequilibrium with the color traits were also 
identified (ATP9A, RAB22A and CTSZ). Sequencing and analysis of other mutations that may 
reside in this region will be necessary to fully confirm or discard the effect of these genes on 
these traits. 
INTRODUCTION 
During the last decade, a significant research effort was placed in the identification of 
quantitative trait loci (QTL) for traits of economic importance for the pig industry. A 
database (PigQTLdb) that includes most of these QTL has also been established and 
presently contains over 1000 QTL (HU et al. 2005). Despite the tremendous success in 
identifying these genomic regions, these QTL usually span intervals that vary from 5-20 
centimorgans (cM), making their use in pig breeding schemes very difficult. There is great 
potential for the pig industry to use information from these QTL, but in order to do so, the 
causative mutation(s) for the QTL or markers in strong linkage disequilibrium with the 
causative mutation(s) must be identified. To date, a limited number of causative mutations 
were discovered only for a few pig QTL traits (MILAN et al. 2000; CIOBANU et al. 2001; VAN 
LAERE et al. 2003; CIOBANU et al. 2004). 
Previously, five meat quality QTL were identified on pig chromosome 17 (SSC 17), in 
a genome scan performed using an F2 population derived from a Berkshire x Yorkshire cross 
(MALEK et al. 2001a). These QTL included three meat color traits (color, 48 hour loin Hunter 
L value and 48 hour loin Minolta L value) and two lactate related traits (average lactate and 
average glycolytic potential). The beneficial alleles for these QTL were all derived from the 
Berkshire breed. To date, no other meat quality QTL have been identified in this SSC 17 
region, hence these QTL appear to be unique to the Berkshire breed, associated with 
improved pork quality. 
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The objectives of this study were to identify the chromosomal region(s) more likely 
to contain the causative mutation(s) responsible for the observed SSC 17 meat quality QTL 
and to further analyze these regions for the presence of causative mutations. 
MATERIALS AND METHODS 
Animals 
Resource population: Details regarding the establishment and management of the 
Iowa State University Berkshire x Yorkshire (BY) resource population have been previously 
described (MALEK et al. 2001b). In brief, two Berkshire sires were crossed with nine 
Yorkshire dams to produce nine F1 litters. From these litters, eight sires and 26 dams were 
selected and crossed to generate 515 F2 individuals. 
Commercial pig populations: The commercial pig populations used in this study 
included pure lines derived from the Landrace, Yorkshire, Berkshire and Duroc breeds and a 
synthetic line, created by crossing pigs with different genetic background. The number of 
animals analyzed varied between lines and also between traits. DNA and data were kindly 
provided by PIC USA. 
Pig used for genome sequencing: The majority of the DNA used for sequencing the 
pig genome, including the SSC 17 QTL region, derived from the CHORI-242 BAC library 
that was constructed from a single female Duroc sow raised at the University of Illinois 
(SCHOOK et al. 2005). 
Phenotypic data 
Numerous phenotypic traits for growth, carcass composition and meat quality were 
collected in the F2 individuals, including the six meat quality traits analyzed in this study, 
namely color, 48 hour (after slaughter) Minolta L score (LABLM), 48 hour Hunter L score 
(LABLH), average lactate (AVLAC), average glycolytic potential (AVGP) and average drip 
(72 hours after slaughter) percentage (AVDRIP). Traits and procedures to collect the data 
were described by MALEK et al. (2001b). It should be noted that for the range measured 
LABLM and LABLH lower values are associated with darker meat color. 
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Information on several phenotypic traits was also available for the commercial pig 
populations analyzed. The traits available included standard growth, carcass composition and 
meat quality traits, including meat color and pH traits, and were described in ClOBANU et al. 
(2001). 
Sequencing and annotation of the QTL region on SSC 17 
A BAC fingerprint physical map of the pig genome, representing over 15x 
complexity, was previously developed by members of the Swine Genome Sequencing 
Consortium (HUMPHRAY et al. 2005). This physical map was then used to select a minimally 
overlapping tiling path of BAC clones covering the SSC 17 QTL region. A total of 70 clones 
were selected and sequenced at the Wellcome Trust Sanger Institute. Initial assembly of these 
clones was performed using a simplified approach (HU et al. 2006; RAMOS et al. 2006a) 
developed because the publicly available software was not able to handle the individual 
sequence of each clone (approximately 200 kb). This innovative approach is based on the 
available minimum tiling path and BLAST overlaps and is useful for targeted regional 
genome assembling. Final assembly of the sequence was performed at the Wellcome Trust 
Sanger Institute. Upon completion of the sequence assembly process, manual annotation was 
performed by the Havana team at the Sanger Institute. Details regarding the procedures used 
to annotate the sequence are described elsewhere (RENARD et al. 2006). 
Initial genetic marker development 
In order to increase the marker density under the QTL region on SSC 17, numerous 
genetic markers were generated and added to the SSC 17 linkage map at different stages. 
Initially, candidate genes were selected based on the available human - pig comparative 
maps. There is extensive homology conservation between SSC 17 and human chromosome 20 
(HSA20), hence genes located on HSA20 anticipated to map to the SSC 17 QTL region were 
chosen. The first marker dense SSC 17 linkage map containing 31 markers was generated 
after mapping a total of 21 new genetic markers to SSC 17 (RAMOS et al. 2006b), including 
16 genes and five markers developed using the available end sequences of BAC clones 
covering gene poor regions on HSA20. 
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Individual gene sequencing 
After completion of the sequence assembly process, 13 genes were chosen based on 
their location in regions identified as possibly containing the causative mutations for the 
QTL. The procedures used to identify these regions are described below. A total of 13 genes 
were selected and the entire coding region, as well as the 5' and 3' UTR regions, was 
sequenced. The complete intronic sequence was not determined. The genes that were 
sequenced individually included the melanocortin 3 receptor (MC3R), chromosome 20 open 
reading frame 108 (C20orfl08), aurora kinase A (AURKA), cleavage stimulation factor, 3' 
pre-RNA, subunit 1, 50kDa (CSTF1), chromosome 20 open reading frame 32 (C20orf32), 
chromosome 20 open reading frame 43 (C20orf43), chromosome 20 open reading frame 106 
(C20orfl06), transcription factor AP-2 gamma (activating enhancer binding protein 2 
gamma) (TFAP2C), bone morphogenetic protein 7 (osteogenic protein 1) (BMP7), protein 
phosphatase 4, regulatory subunit 1-like (PPP4R1L), RAB22A, member RAS oncogene 
family (RAB22A), VAMP (vesicle-associated membrane protein)-associatedprotein B and C 
(VAPB) and chromosome 20 open reading frame 174 (C20orfl74) genes. In addition, the 
whole sequence of the porcine phosphoenolpyruvate carboxykinase 1 (soluble) (PCK1) gene 
was also available, because this gene had been previously selected due to its role in glucose 
metabolism. In order to amplify the above mentioned genes, the approximate location of all 
exons in the pig sequence was determined using BLAST and the human sequence of every 
exon. Then, a total of 114 primer sets were designed based on the completed pig SSC 17 
sequence, using the software Primer3 (ROZEN and SKALETSKY, 2000). Primers were 
designed in intronic regions, usually less conserved, in order to avoid gene regions sharing 
sequence similarity with other genes, which could make PCR optimization of each primer set 
difficult. The finished SSC 17 sequence is available and has already been released in the 
public domain (http://vega.sanger.ac.uk/Sus_scrofa/index.html). 
Additional genetic marker development 
After PCR optimization, DNA pools consisting of the Berkshire and Yorkshire 
founder animals were sequenced for each gene, using an ABI automated DNA sequencer 
(Applied Biosystems, Foster City, CA, USA). Polymorphisms were identified by comparing 
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the sequences of these pools. The sequences were analyzed using Sequencher software 
version 3.0 (Gene Codes, Ann Arbor, MI, USA). The exonic polymorphisms detected were 
further analyzed to determine whether they were synonymous (conservative) or non-
synonymous (amino acid changing) mutations. Non-synonymous mutations were prioritized 
for further analysis, but synonymous and intronic mutations were also used to map genes that 
were not yet mapped and where no non-synonymous mutations were identified. 
After selection of the polymorphisms present in each gene, new primer sets were 
designed in order to create PCR-RFLP tests that were used to genotype the entire BY 
resource population. The sequences of the primer sets for each gene are indicated in Table 1. 
Amplifications were performed using 12.5 ng of porcine DNA, lx PCR buffer, 2.5 mM of 
MgCli, 0.125 mM each dNTP, 0.3 mM of each primer and 0.35 U Taq polymerase 
(Promega, Madison, WI, USA). The PCR conditions consisted of an initial step at 94 °C for 
3 minutes followed by 35 cycles of 94 °C for 30 seconds, specific annealing temperature for 
each primer set (Table 1) for 30 seconds and 72 °C for 30 seconds. The final extension step 
consisted of 3 minutes at 72 °C. Digestions were performed using the restriction enzyme for 
each PCR-RFLP test (Table 1) according to the recommendations of the manufacturer. The 
locations of the SNPs found, as well as the fragment sizes for each allele, are also indicated 
on Table 1. 
Chromosomal assignment: The SSC 17 linkage map with 31 markers was expanded 
by mapping a total of nine additional genes, including the C20orfl08, CSTF1, C20orf32, 
C20orf43, C20orfl06, BMP7, PPP4R1L, VAPB and C20orfl74 genes. An additional marker 
in the AURKA gene was also mapped using a non-synonymous single nucleotide 
polymorphism (SNP) discovered on exon 4. After the addition of these 10 new markers the 
final SSC 17 map contained 41 markers. Previously, some of the fully sequenced genes had 
already been mapped to SSC 17 (MC3R, CSTF1, C20orf43, PCK1, RAB22A), including 
AURKA, a gene that was mapped using a synonymous SNP identified on exon 9 (RAMOS et 
al. 2006b). Sequencing of the MC3R, CSTF1, C20orf43 and RAB22A genes did not reveal 
any non-synonymous SNPs, hence no new markers were developed for these two genes, 
while for PCK1 the SNP initially used to map the gene was the best available (non-
synonymous SNP with the greatest amino acid change). 
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All genes were linkage mapped using two- and multi-point analyses implemented on 
CRIMAP version 2.4 (GREEN et al. 1990). 
Marker allele frequencies in different pig breeds 
Several animals were genotyped in order to determine the allele frequencies of 
several markers in different pig breeds. Allele frequencies were determined for all the non-
synonymous exonic mutations discovered in the SSC 17 genes analyzed and also for BMP7. 
A total of 24 individuals were genotyped per gene, except for PPP4R1L, for which allele 
frequencies were determined using data from 16 individuals. 
Identification of the chromosomal regions more likely to contain the causative 
mutations 
An SSC 17 linkage map with 33 markers was used to conduct several analyses with 
the objective of pinpointing the region(s) more likely to contain the causative mutations 
responsible for the observed QTL. The linkage map with 33 markers contained the 31 
markers described by RAMOS et al. (2006b) and also the CSTF1 and C20orf43 genes. We 
used the QXPAK software (PEREZ-ENCISO and MISZTAL, 2004) to conduct three different 
types of analysis in the F2 population, including a linkage disequilibrium (LD) association 
analysis, a QTL segment mapping analysis and a multitrait QTL analysis, where we tested 
the linkage versus pleiotropy hypothesis, which for any two traits investigates whether there 
is one QTL per each trait (linkage) or a single QTL affecting both traits (pleiotropy). All 
analyses performed using QXPAK included sex and slaughter date as fixed effects, while the 
QTL effect was modeled differently, depending on the type of analysis being done. 
The LD analysis was used to determine the association between the alleles at each 
marker with the significant SSC 17 QTL traits, i.e., an additive effect was estimated for each 
allele. Different models were applied in these LD analyses using QXPAK, depending on the 
genotype of each animal at each marker. These analyses were performed for each trait 
separately. Except for the microsatellite markers, the models used were: 
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yi=Xp + 2ai+e (1) 
y2 = Xp + ai + a2+ e (2) 
y3 = Xp + 2a2 + e (3) 
Models 1, 2 and 3 were used for animals carrying genotypes 11, 12 and 22 at each 
marker, respectively. In these models, y is a vector containing the values for each trait, p 
contains the fixed effects to be estimated (sex and slaughter date in this case), a, and a2 are 
the allelic effects (treated as fixed), X is an incidence matrix relating observations to the 
fixed effects in P and e is the vector with the residuals. Similar models were applied for the 
microsatellite markers, for which more allelic effects were included in the model in order to 
account for the larger number of alleles. 
The QTL segment analysis has been proposed as an alternative to the classical QTL 
scans (PEREZ-ENCISO and VARONA, 2000; PONZ et al. 2001). While in the classical approach 
the model is fitted at successive intervals, usually every cM, the segment approach divides 
the genome (or chromosome) in segments delimited by any two markers and estimates the 
part of the total genetic variance of the trait explained by each specific segment. In this study, 
31 segments of different sizes were defined as the chromosomal regions between two 
successive markers in an SSC 17 linkage map with 33 markers. The number of segments was 
smaller than the expected (32 segments) because two markers (MC3R and DOK5) had the 
same position in the linkage map, hence a segment could not be defined. The QTL segment 
analysis was done for all the significant QTL traits from the original analysis, except for 
AVDRIP, since this was a new significant QTL trait. Each segment was fitted in the model 
individually. The model used in the QTL segment analysis was: 
yi = Xp + as + e 
where y, X, P and e are the same as before and as includes the genetic effect associated with 
each segment. A more detailed explanation of several aspects regarding the QTL segment 
approach can be found elsewhere (PONZ et al. 2001). 
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Multitrait QTL analyses are helpful in the refinement of the chromosome genetic 
architecture. The pleiotropy versus linkage hypothesis was tested using the following model: 
yi = n + ca;a + Cdid + sexj + slaughter date; + e, 
where y\ is the phenotype on animal i, [i is the mean for the trait, caj is the additive 
coefficient, Cdi is the dominance coefficient, a and d are the additive and dominance effect of 
the QTL, sex and slaughter date are the fixed effects for individual i and e; is the residual 
error. This model was also applied in all single-trait analyses. For the multitrait analyses 
carried out with two traits, the variance of the infinitesimal genetic effects is: 
r 2 \ 
(J\M (T12/, 
2 
\C712//(T2 f t  j  
where A is the numerator relationship matrix, ® indicates the Kronecker product, <J2 and 
a\^ are the variances for traits 1 and 2, respectively and <rn/u is the covariance between 
traits 1 and 2. 
In order to allow the distinction between linkage and pleiotropy the likelihood ratios 
of the linkage and pleiotropy models were compared, following the recommendations by 
PEREZ-ENCISO et al. (2005). We tested this hypothesis for all possible combinations of the 
significant QTL traits, except AVDRIP. The issues regarding QTL effect significance 
assessments have been previously described by MERCADE et al. (2005), a study that 
suggested considering as significant nominal p-values less than 0.001 for the single QTL test, 
approach that was followed in the present study. 
QTL analyses 
Least-squares regression interval mapping was performed using an F2 model in QTL 
Express (SEATON et al. 2002). These analyses were conducted for all meat quality traits 
available in the BY resource population using the SSC 17 linkage map with 41 markers. The 
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regression models for each trait were the same as the ones used by MALEK et al. (2001a) and 
included sex and slaughter date as fixed effects. Chromosome-wise significance thresholds 
for each individual trait were determined by randomly permutating the data 5,000 times in 
QTL Express. In order to allow a comparison of the results for all traits, chromosome-wise 
significance thresholds were calculated based on six traits (color, LABLM, LABLH, 
AVLAC, AVGP and AVDRIP), following the procedures indicated by MALEK et al. (2001b). 
In order to assess significance of QTL at the genome level we used the genome-wise 
significance thresholds previously determined by MALEK et al. (2001a). 
Association analyses 
In order to investigate the effect of each gene on the BY meat quality traits analyzed, 
association analysis were performed using mixed model methodology. Two different types of 
models were used, depending on the trait being analyzed. All models included sex, slaughter 
date and marker genotype as fixed effects, while dam was fitted as a random effect 
(relationships between dams were assumed to be non-existent). In addition, the models for 
the traits related with glycogen metabolism (AVLAC and AVGP) also included the genotype 
for the PRKAG3 (protein kinase, AMP-activated, gamma 3 non-catalytic subunit) Ilel99Val 
mutation described by CIOBANU et al. (2001). 
Association analyses were also conducted in several commercial pig populations of 
different genetic background, including lines based on breeds known for their improved meat 
quality attributes, where phenotypic data was available. This step was carried out to initially 
validate the effects previously detected in the BY population and was done only for 14 of the 
markers presented in this study. The model used within each commercial pig population 
included slaughter date and marker genotype as fixed effects and sire as a random effect 
(relationships between sires were also assumed to be non-existent). To evaluate results across 
lines a different model was used. This model was identical to the within breed model, except 
that it also included line as fixed effect. The PROC MIXED procedure of SAS (1996) was 
used to perform all analyses. Least squares means and standard errors were estimated for 
different genotype effects. All association analyses carried out in the BY population and in 
the commercial lines were performed fitting a single marker in the model. 
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Additional association analyses were performed combining the information from 
more than one marker at the time. These included a combined genotype analysis, as well as a 
haplotype analysis. The combined genotype approach was implemented by first identifying 
the favorable alleles for each trait present at each gene. This was done based on the results by 
MALEK et al. (2001a) that had concluded that the favorable alleles for the SSCI7 meat 
quality QTL were all of Berkshire origin. After the favorable alleles at two or more markers 
were identified a combined genotype was created, by counting the number of favorable 
alleles carried by each animal, and its effect on each trait investigated. The haplotype 
analyses were done by assigning animals that shared common alleles at different markers. 
Only the haplotypes that could unambiguously be assigned were used in the haplotype 
association analysis. 
Significant differences were declared when the gene effect was a significant (P < 
0.05) source of variation in the analysis of variance and the P value for the difference 
between the least squares means for each marker genotype was less than 0.05. 
RESULTS 
Sequencing and annotation of the SSCI7 QTL region 
A total of 70 BAC clones were initially selected as part of the minimum tiling path 
spanning the SSCI7 QTL region. With the sequence of 65 of these clones we were able to 
initially assemble a 7.1 Mb contig using a targeted regional genome assembly strategy (HU et 
al. 2006; RAMOS et al. 2006a). This initial contig contained two gaps due to lack of evidence 
for clone overlap, which could be a result from the unfinished sequence of several clones. 
The final assembly of the SSCI7 QTL region sequence was performed by members of the 
Wellcome Trust Sanger Institute using the finished sequence of all clones. The assembled pig 
SSCI7 sequence comprises 7,792,673 bp. Results from manual annotation of this sequence 
revealed presence of 53 known protein coding genes, seven novel processed transcripts, five 
putative processed transcripts and six pseudogenes. The location in the sequence of genes 
added to the SSC17 linkage map is indicated in Table 2. All data regarding this sequencing 
and annotation is publicly available (http://vega.sanger.ac.uk/Sus_scrofa/index.html). 
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Individual gene sequencing 
With the objective of searching for causative mutations, the coding region, 5' and 3' 
UTR regions of 14 genes were individually sequenced. A total of 53 exonic and 146 intronic 
polymorphisms were detected, including SNPs and insertions/deletions. These 
polymorphisms were identified by comparing the sequences of pools of DNA from the 
Berkshire and Yorkshire founder animals. Only exonic non-synonymous SNPs were 
validated by either individual sequencing of the founder animals or using PCR-RFLP tests. 
Of the 53 exonic mutations detected, 14 resulted in amino acid changes. Likewise, when 
exonic SNPs were not present, only intronic SNPs located in genes that were not yet mapped 
to SSCI 7 were validated. The number of intronic polymorphisms does not represent the total 
number of intronic polymorphisms, rather is a consequence of the strategy followed for 
primer design. Information regarding the polymorphisms used to map each gene to SSCI7 is 
in Table 2. 
Linkage mapping 
All genes were found to be significantly linked to the markers that were already 
mapped on SSCI7. The best map order of SSCI7 was produced by multi-point analysis with 
all markers. The linkage map positions of the markers under the SSCI7 QTL peaks are in 
Table 2. The new SSC17 linkage map for the BY population contains 41 markers and is 
122.2 cM long. Relative to the SSCI7 map previously published (RAMOS et al. 2006b) the 
addition of 10 genetic markers resulted in an increase in length of 2.9 cM. 
QTL mapping 
The results from the analyses (Figures 1 and 2) conducted with QTL Express 
confirmed the five significant meat quality QTL for color, LABLM, LABLH, AVLAC and 
AVGP previously detected by MALEK et al. (2001a). In addition, a new significant QTL, not 
previously described, was detected for AVDRIP. The QTL for LABLM was significant at the 
1% genome-wise level, while the QTL for color and LABLH were significant at the 5% 
genome-wise level. The QTL for AVGP, AVGP and AVDRIP were all significant at the 5% 
chromosome-wise significance level. The F-statistic curves indicating QTL position 
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estimates for color, LABLM and LABLH, and for AVLAC, AVGP and AVDRIP, are in 
Figures 1 and 2, respectively. 
When compared with the work by MALEK et al. (2001a), the results from the present 
study located the QTL generally in the same chromosomal region. However, the profile of 
the F-statistic curves changed considerably. While in the study by MALEK et al. (2001a), 
conducted using an SSCI7 linkage map with eight microsatellites, all significant QTL had a 
single peak located at the same position for all traits, the results of the present study indicate 
several significant QTL peaks for all traits (Figures 1 and 2). The most significant QTL were 
detected for LABLM and LABLH, traits that displayed a nearly identical QTL profile. For 
both traits, the most significant QTL was detected at position 91 cM, with F-statistic values 
of 10.12 and 9.02 for LABLM and LABLH, respectively. In addition, other significant QTL 
peaks for these two traits were identified at positions 81, 87, 98, 104 and 116 cM. Regarding 
color, the maximum F-statistic value (8.52) was identified at 104 cM, with additional 
significant QTL peaks at 80, 98 and 117 cM. For AVGP, the most significant QTL peak was 
also at 91 cM (F-statistic value of 7.33). This trait also displayed significant QTL peaks at 88 
and 107 cM. The most significant peak for AVLAC was at 108 cM, with an F-statistic value 
of 6.88, while two more significant peaks were at 88 and 91 cM. Finally, AVDRIP maximum 
F-statistic value (6.41) was located at position 89. Despite not reaching the 5% chromosome-
wide significance threshold, additional peaks for this trait were at positions 101 and 107. 
Overall, several chromosomal regions were associated with QTL peaks for different traits. 
Pinpointing the relevant chromosomal region(s) 
The results of the LD association analysis performed using QXPAK identified a 
common marker (microsatellite S0332) as the one most significantly associated with all traits 
analyzed. The LD profiles for LABLM and AVGP are illustrated in Figure 3. The profiles for 
color and LABLH were similar to LABLM, while AVLAC and AVDRIP showed profiles 
similar to AVGP. This type of analysis assigns a log likelihood and a p-value for the 
association between each marker and the trait being analyzed. Likelihood scores whose p-
value was less than 0.001 were considered significant. For all traits, the marker showing the 
strongest association was microsatellite S0332 (P < 0.001 for all traits). For the meat color 
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traits (color, LABLM, LABLH), additional significant (P < 0.001) associations were detected 
with markers RPCI44-326L12 (a marker generated using the end sequence of this BAC 
clone), RAB22A and SW2431. However, the same was not observed for AVGP, AVLAC and 
AVDRIP, traits that were only associated with S0332. 
The results of the QTL segment analysis done with QXPAK are in Figure 4. The 
chromosomal region spanned differed between segments, depending on the position in the 
linkage map of the markers defining each segment. Segment 15, defined by AURKA and 
CSTF1, explained the largest fraction of the genetic variance for LABLM and LABLH (P < 
0.001). For color, the segment showing the most significant association (P < 0.001) was 
segment 17 (C20orf43 to PigE-90F2), while segment 18, defined by PigE-90F2 and S0332, 
accounted for the largest fraction of AVLAC and AVGP genetic variance (P < 0.001). The 
QTL segment results obtained for AVLAC and AVGP were in strong agreement with the 
results from the LD association analysis, since both approaches identified the same marker 
(S0332) as the one showing the strongest association with these traits. The same was not 
observed for color, LABLM and LABLH, whose segments did not include S0332. However, 
for these three traits a series of consecutive and highly significant segments was also 
identified, from segment 13 (MC3R to AURKA) to segment 18 (PigE-90F2 to S0332). By 
combining the QTL Express results along with the results from these analyses, the 
chromosomal region more likely to contain the causative mutations for the QTL traits was 
identified. Based on the SSCI7 linkage map with 33 markers, this region spanned six cM and 
included seven genes (MC3R, C20orfl08, AURKA, CSTF1, C20orf32, C20orf43 and 
C20orfl06). A preliminary analysis of the sequence information available at the time these 
analyses were carried out showed that these genes, except MC3R, were all located in one 
BAC clone of approximately 200 kb, which narrowed the region even further. The final 
choice of the genes to be individually sequenced also accounted for the existing LD in the 
BY population, since genes flanking the ones present in the identified regions were also 
sequenced, and the additional significant LD associations detected for RPCI44-326L12, 
RAB22A and SW2431. The genes selected to be individually sequenced were mentioned 
above. 
93 
The multitrait QTL analyses performed provided strong evidence of pleiotropy 
between LABLM and LABLH, i.e., one QTL affecting both traits. For the remaining 
combination of traits, results consistently supported the linkage hypothesis (one QTL 
affecting each trait). 
Marker and haplotype association analyses 
Association analyses by individual markers were performed for all markers using the 
available phenotypic data of the BY population. The results of the genes presenting 
significant (P < 0.05) associations with color, LABLM and LABLH are in tables 3 and 4. A 
total of 12 markers were significantly associated with the three meat color traits analyzed, 
with all markers presenting one preferred genotype, associated with darker meat color, for 
the three traits. These markers define three distinct blocks in the linkage map, because one 
marker is mapped immediately after the other. These blocks of markers associated with meat 
color included ATP9A-CYP24A1-DOK5, a block spanning 4 cM in the linkage map, S0332-
RPCI44_326L12-BMP7 defined a short block comprising 3.4 cM and PPP4R1L-RAB22A-
VAPB-RPCI44_431M20-GNAS-CTSZ-CH242_247L10 defined the largest block of markers 
affecting meat color, spanning 5.4 cM according to the SSCI7 linkage map. 
The results of the association analyses performed for AVGP and AVLAC are in 
Table 5. In total, eight markers were significantly (P < 0.05) associated with these two traits. 
A few markers were also associated with the meat color traits analyzed, namely ATP9A and 
RPCI44_326L12. However, a block of markers affecting AVGP and AVLAC was defined by 
MC3R-C20orf\08-AURKA_E4-CSTF1 -C20orf32. All these genes are mapped under or close 
to QTL peaks for these two traits. Regarding average drip, eight markers were found to be 
significantly associated with the trait (Table 6). Interestingly, all markers affecting AVDRIP 
also presented a significant effect on the three meat color traits analyzed. The results of the 
association analyses conducted for this trait are in table 6. 
Allele frequencies in different pig breeds 
Allele frequencies of five different commercial pig populations at seven SSCI7 
markers are in Table 7. These frequencies were calculated for markers that were mapped 
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using non-synonymous exonic SNPs, except BMP7. Allele frequencies observed for the 
Berkshire and Duroc breeds were similar for AURKA, PCK1, CTSZ and C2orfl74, with one 
allele being fixed or close to fixation. The synthetic pig line (known for higher meat quality) 
was fixed for BMP7, PPP4R1L and VA PB allele 1, while all markers were segregating in the 
Landrace and Yorkshire populations studied, though with different frequencies. A new allele 
was detected for PPP4R1L because sequencing of the 16 animals for each breed revealed the 
presence of a cytosine in the SNP position. Originally, this SNP was detected based on a 
guanine to adenine mutation in the BY founder animals, where the Berkshire boars used were 
homozygous for the adenine allele. The new cytosine allele was present in the Landrace and 
Berkshire breeds only. Of the breeds analyzed, Duroc and Berkshire are the ones that are 
usually associated with improved meat quality. These breeds differed at the allele frequencies 
observed at the BMP7 and VAPB loci. For these markers, Duroc was fixed for allele 1, while 
the same allele was found in Berkshire at frequencies of 0.63 and 0.41, for BMP7 and VAPB, 
respectively. 
DISCUSSION 
Building of the SSC17 linkage map 
The SSC17 linkage map with 41 markers was 122.2 cM long. When compared with 
the SSCI7 map published by RAMOS et al. (2006b) this map was 2.9 cM longer, after the 
addition of 10 more markers to the linkage map. This small increase in map length suggested 
that there were no wrongfully mapped genes and that genotyping errors were likely to be 
very small, two of the reasons that contribute to larger increases in map length. Both SSCI 7 
linkage maps (with 33 and 41 markers) are approximately 20-25 cM longer than other 
available SSC17 linkage maps (VARONA et al. 2002; PIERZCHALA et al. 2003), but the reason 
for this difference may be the larger number of markers mapped in the BY resource 
population, especially in the region where the QTL are located, due to the fine mapping 
effort undertaken or possibly to some genotyping errors which may lengthen the map. A 
more detailed explanation of the factors affecting the length of the SSCI 7 linkage maps has 
been provided previously (RAMOS et al. 2006b). 
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One of the problems detected in this study was the low resolution of the mapping 
population to position markers that map close to each other. Recombination rate is the major 
factor to be considered here, and in turn it is affected by the size of the mapping population 
(larger populations tend to accumulate more recombination events). In this study, several 
situations were detected where one given marker could not be unambiguously assigned to a 
position in the linkage map, hence different maps had to be tested and compared, by looking 
at the length and likelihood score of each map. However, even after all possibilities were 
tested, the best map still contained markers out of their natural order. Because we had the full 
sequence of the QTL region available we were able to correct the position of these markers, 
by fixing the order of each marker in the linkage map according to their position in the 
sequence. Obviously, for species where the genome sequence is available this problem can 
be easily corrected. Nevertheless, this is a concern that needs to be considered in QTL fine 
mapping or positional cloning studies carried out using small mapping populations in species 
where the genome sequence is not yet available, such as the pig. The chromosome linkage 
map is used in other types of analyses (e.g QTL mapping) and wrongfully placed markers 
can have a very negative impact on the subsequent analyses that follow and bias the results 
obtained. 
Sequencing of the SSC17 QTL region 
The SSCI 7 QTL region is the largest stretch of continuous pig sequence that has been 
completed so far. It is anticipated that the full sequence of the pig genome will be released in 
late 2007 or early 2008 (SCHOOK et al. 2005). Initially, a targeted regional genome 
assembling strategy was developed to generate the first alignment of the BAC clones selected 
to form the minimum tiling path (HU et al. 2006; RAMOS et al. 2006a). This strategy proved 
to be effective, despite the fact that the sequence of some of the BAC clones was not yet 
finished, a factor that may have contributed to the gaps that still existed in the first alignment. 
Using the finished sequence of all the minimum tiling path BAC clones, the final assembly 
was completed at the Wellcome Trust Sanger Institute. Even though the strategy we develop 
will likely be insufficient to assemble a whole genome, it will be useful in other situations. In 
livestock species where the genomic resources are less developed, QTL fine mapping and 
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positional cloning studies will ultimately require the full sequence of the QTL region in order 
to allow the discovery and confirmation of the causative mutations responsible for the QTL, 
especially those that seem to represent many genes. One possibility to generate the full 
sequence of any genomic region is to initially create a BAC fingerprint map and then 
sequence the BAC clones that form the map. Then, these clones must be assembled into a 
continuous contig, and this is where our strategy can be applied. 
Annotation of the SSCI7 sequence was performed by the Havana group at the 
Wellcome Trust Sanger Institute. Annotation results validated previous studies that had 
indicated an extensive conservation between SSCI7 and HSA20 (LAHBIB-MANSAIS et al. 
2005). In fact, all protein coding genes found on SSCI7 (a total of 53) were also present in 
the homologous HSA20 region. In addition, seven novel and five putative processed 
transcripts were also identified. This may help in refinement of the HSA20 annotation, once 
the sequence of this human chromosome is analyzed for presence or absence of these pig 
transcripts. The number of pseudogenes detected in the pig sequence was also less than the 
number identified so far on the HSA20 region homologous to the SSCI7 QTL region. The 
genomic organization of the SSCI7 sequence alternates blocks with high gene density with 
regions spanning considerable distances where only a few genes are found. One example of a 
region with high gene density is the block flanked by MC3R and C20orfl06. This block 
comprises approximately 220 kb of sequence and contains eight protein coding genes and 
one novel processed transcript. In contrast, the region between DOK5 and MC3R spans 1,478 
kb of sequence, but contains only three protein coding genes, one novel processed transcript 
and one pseudogene. When compared with its human counterpart, the genomic organization 
of these two pig regions is nearly the same for both blocks, with respect to the number of 
genes detected (the only registered difference is the presence of one human pseudogene in 
the MC3R-C20orfl06 block that was not detected in the pig). In addition, the size of these 
blocks on HSA20 is close to what was observed in the pig, approximately 277 and 1,732 kb 
for the MC3R-C20orfl06 and DOK5-MC3R blocks, respectively. These blocks are discussed 
here as an example, but a similar situation is observed in the remaining SSCI7 sequence 
available. Overall, sequencing of the SSCI7 region confirmed the extensive conservation 
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between this chromosome and HSA20, in terms of number of genes, their order and position 
in the sequence. 
Another detail worth mentioning is the number of genes that are still characterized 
only as open reading frames. Several of these genes (C20orfl08, C20orf32, C20orf43 and 
C20orfl06) were located directly under some of the SSCI7 QTL peaks, which raises 
additional concerns for the discovery of QTL causative mutations. Such concerns derive 
from the fact that one of the criteria used to prioritize which genes should be analyzed with 
more detail is the function of the gene, which is unknown for open reading frames. Hence, by 
default all genes should be analyzed, an approach that was followed in the present study, 
with the consequent increase in labor, cost and complexity of the analysis. This problem is 
also a concern for the functional validation of causative mutations, mainly because of the 
difficulty in establishing a biological system aiming at elucidating the relationship between 
the gene and the phenotype. 
The availability of the finished sequence for the SSCI7 QTL region also allowed for 
a comparison of the distances in cM between markers estimated by the linkage map with the 
physical distances calculated using the sequence. The results from this study showed that the 
genetic distances between markers in the linkage map do not reflect the true physical 
distances. For instance, the MC3R-C20orfl06 block spanned 7.3 cM, which corresponds to 
approximately 220 kb of sequence. However, DOK5 and MC3R occupied the same position 
in the linkage map (87.7 cM), even though there were about 1,478 kb separating these genes 
in the SSCI7 sequence. This situation is a consequence of the number of markers mapped, 
the recombination rates observed on a given chromosome in a given population and the 
possibility of genotyping errors. In addition, recombination hot and cold spots also may have 
contributed to the differences observed. Once the full genome sequence of the species under 
study becomes available this concern is less important, but until then it constitutes an 
important detail that must be considered in QTL fine mapping projects. 
Finally, we also used the end sequences of several clones of the BAC based physical 
map of the pig genome to generate markers that were later on mapped to SSCI7. This 
approach proved to be very effective for adding markers in gene poor regions that span 
considerable sequence distances. In the future, when the full sequence of the pig genome 
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becomes available, the importance of this approach will decline, as one can look directly at 
the sequence. Nevertheless, it can be used while the full sequence is not yet available and 
also in cases where gaps in the sequence exist or in other species with less genomic 
resources. 
Identification of the SSCI7 regions more likely to contain causative mutations 
In this study, a combination of different types of analyses was employed to pinpoint 
the SSCI7 region showing the strongest association with each trait, hence more likely to 
contain the causative mutation(s) for that specific trait. We used QXPAK because of its 
versatility, i.e., one software package allowed us to conduct three different types of analysis. 
Linkage disequilibrium mapping is a powerful method for QTL fine mapping and has been 
used extensively. However, LD-based approaches are affected by factors such as the extent 
of LD along the chromosome and population admixture (OLSEN et al. 2004) and it is possible 
that LD analysis may report false positives (PEREZ-ENCISO, 2003). One strategy to 
circumvent this problem has been proposed, where false positive results may be avoided if 
linkage and LD analysis are combined (MEUWISSEN et al. 2002). In this study, the approach 
suggested by MEUWISSEN et al. (2002) was not implemented. The LD analysis performed 
identified a highly significant association of microsatellite S0332 with all traits and detected 
three more markers (RPCI44-326L12, RAB22A and SW2431) that were also significantly 
associated with the three meat color traits (color, LABLM, LABLH), but not with AVGP and 
AVLAC (Figure 3). These results were in strong agreement with results from the QTL 
segment mapping analysis (Figure 4), because the intervals that included S0332 were 
significantly associated with all traits, but the same was not observed for the intervals that 
included RPCI44-326L12, RAB22A and SW2431, that were significant only for color, 
LABLM and LABLH. In addition to these results, the F2 analyses performed with QTL 
Express also identified significant QTL peaks that were either on the same position of the 
markers identified with the LD and QTL segment mapping analyses, or quite nearby. The 
combination of the results from these different analyses showed strong agreement between 
approaches, due in part to the same dataset and similar models used, and provided strong 
evidence for the regions significantly associated with each trait. Using the available SSCI7 
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sequence information, the genes located in these regions were identified and selected for 
individual sequencing. 
The multitrait QTL analyses performed provided evidence of pleiotropy between 
LABLM and LABLH, i.e., there is only one QTL affecting both traits (results not shown). 
This information is important and should be considered when looking for QTL causative 
mutations. For these two traits this result was expected, because despite being considered and 
analyzed as two different traits they are essentially measuring the same biological event 
(light reflectance of a pork sample). 
Dissection of the SSCI7 QTL region 
The dissection of the SSCI7 QTL region was made only for the color, LABLM, 
LABLH, AVLAC and AVGP because the QTL for AVDRIP was only identified after the 
effort to fine map the other QTL. In order to facilitate the discussion, the meat color traits 
and AVLAC and AVGP will be discussed separately. 
Meat color traits: There were several significant QTL peaks detected for the three 
meat color traits analyzed, and these peaks were positioned in different locations of the 
SSCI7 QTL region. Significant QTL for color, LABLM and LABH were detected in 
approximately the same genomic location occupied by PTPN1. Despite the predicted location 
of the QTL in the proximity of this gene, no significant associations were detected between 
PTPN1 and the meat color traits. The gene mapped following PTPN1 is ATP9A, a gene that 
was significantly associated with all color traits (Table 3) and is located less than 2 cM away 
from the peak. The ATP9A genotype 22 is the preferred genotype, associated with darker 
meat. QTL mapping approaches based on least-squares regression interval mapping are 
greatly influenced by the between-breed genetic differences observed for markers in the 
linkage map, so it was a bit surprising that the QTL location was not on top of ATP9A given 
the difference in allele frequencies observed between the Berkshire and Yorkshire founder 
animals for ATP9A. The frequency of allele 2 for this marker in Berkshire was 1.0, while in 
Yorkshire the frequency for the same allele was 0.22. The CYP24A1 gene was mapped after 
ATP9A, and this marker also presented significant associations with the three color traits. In 
order to investigate if the favorable meat color haplotype in this region would include PTPN1 
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or CYP24A1 we performed association analysis involving the combination of each of these 
genes with ATP9A, using both a haplotype analysis and the combined genotype approach 
described above. Results from these analyses consistently supported the PTPN1-ATP9A 
haplotype over ATP9A-CYP24A1. Allele 2 was the favorable allele for both PTPN1 and 
ATP9A, since in the Berkshire sires this allele was either unique (PTPN1) or fixed (ATP9A) 
(Table 2). The haplotype formed by genotypes 12 and 22 at PTPN1 and ATP9A, respectively, 
presented a suggestive association (P < 0.07) with LABLM and LABLH, and similar results 
were observed for the combined genotype approach. When ATP9A and CYP24A1 were 
analyzed together no significant associations were detected for any of the color traits. Further 
support for the PTPN1-ATP9A haplotype was provided by the results obtained with these two 
markers in outbred commercial lines of pigs, where ATP9A genotype 22 displayed a 
suggestive (P < 0.1) association with ham Minolta L scores in a population with Landrace 
genes. PTPN1 genotype 22 was also significantly (P < 0.05) associated with subjective color 
scores collected using the Japanese scale across the same Landrace based population 
described for ATP9A and in another population with Yorkshire genes (data not shown). 
These two genes likely define the haplotype affecting the meat color QTL detected in his 
region. However, there are seven additional genes located between PTPN1 and ATP9A that 
were not analyzed in this study, hence none of these genes can be ruled out as the gene 
possibly explaining these QTL. 
The most significant QTL peaks for LABLM and LABLH were detected at positions 
91 and 87 cM. Curiously, no QTL peaks for color were identified in this region, even though 
these results can be expected because despite the moderate to high genetic correlation that 
exists between these traits (van WIJK et al. 2005) they are not fully correlated, which 
indicates that the genetic control may also be different. Results from the single gene, 
combined genotype and haplotype analyses carried out using the BY phenotypic data and the 
markers mapped in the vicinity of position 91 cM in the linkage map did not show any 
significant associations with any of the meat color traits. The same was observed in different 
commercial pig lines of distinct genetic background, even though only the MC3R and 
AURKA exon 9 mutations were tested in these lines. Significant associations with the meat 
color traits analyzed were detected for DOK5 in the BY population, and this gene has the 
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same position as MC3R in the linkage map (87.7 cM). This is a region where the linkage map 
poorly reflects the real distance between genes, because it places on the same linkage map 
position two genes that are separated by approximately 1,480 kb in the sequence map. 
Moreover, to date only one protein coding gene has been identified between DOK5 and 
MC3R, namely the cerebellin 4 precursor (CBLN4) gene, thus no good biological candidate 
genes are found in this region. It is well known that the precision with which the QTL 
positions are estimated is not ideal, which may cause QTL to be identified several cM away 
from the gene(s) containing the mutation(s) for those QTL. This may be the case with 
AURKA, a gene mapped 5 cM away from the QTL peaks using a non-synonymous mutation 
responsible for a considerable amino acid change (leucine to proline, Table 2). However, no 
statistical support from the single gene or haplotype association analysis was detected for this 
gene, since it was not significantly associated with any of the meat color traits. Hence, the 
role played by AURKA in the regulation of these traits is still unclear. 
The biological function played by each gene can also be used to make a ranking of 
genes that can potentially affect the trait. However, it is difficult, if not impossible in some 
cases, to establish a link between a gene and a phenotype for several of the traits measured 
routinely in livestock species. Regarding MC3R, this gene plays a role in the regulation of 
energy homeostasis and it has also been associated with obesity (BOUCHER et al. 2002; LEE 
et al. 2002). This gene is mainly expressed in the different organs that form the 
hypothalamic-pituitary-adrenal axis (WACHIRA et al., 2004). Little information is available 
about the function of DOK5, a gene that belongs to a family of membrane proteins involved 
in signal transduction and is mainly expressed in skeletal muscle (CAI et al. 2003; FAVRE et 
al. 2003). The AURKA gene, which may play a role in cell cycle regulation and tumor 
development, is highly expressed in testis, colon and ovary and weakly expressed in skeletal 
muscle, thymus and spleen (SU et al. 2002; YANG et al. 2002). It is possible that one of these 
genes, or all of them, plays a role in the regulation of meat color in pigs, but no conclusive 
data supporting this hypothesis have been gathered so far. 
One possibility that can not be discarded is that these are ghost QTL, i.e., QTL that 
occur as artifacts due to real QTL located in surrounding intervals (DOERGE, 2002). In such 
cases, if two or more linked QTL having the same effect on the trait (QTL in coupling phase) 
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are present in the chromosome, using simple regression QTL models can detect a ghost QTL 
in the middle of two real QTL (MARTINEZ and CURNOW, 1992). This appears to be the case 
for the BY population, since two blocks of genes flanking the position of these QTL for 
LABLM and LABLH were detected by the single gene association analyses. One of these 
blocks is formed by ATP9A, CYP24A1 and DOK5, while the second block includes S0332, 
RPCI44-326L12 and BMP7. One possible way to solve this problem is to use models that fit 
two or more QTL simultaneously (MEUWISSEN and GODDARD, 2004) and this analysis, if 
applied to the BY data, can be helpful in confirming or discarding these QTL. 
The next SSCI7 region showing significant QTL peaks for color, LABLM and 
LABLH is located at positions 98 and 99 cM. This is a very promising region because these 
QTL peaks were identified in the same position as BMP7, a gene that was mapped to position 
99.4 cM (Table 2). Previously, the results from the LD and QTL segment analysis had also 
identified a marker in this region (S0332) as being significantly associated with the three 
color traits. Significant associations were detected between BMP7 with LABLM and 
LABLH, but not with color, and similar results were also identified for RPCI44-326L12 
(Table 3). The only marker in this region that was significantly associated with the three meat 
color traits was S0332, possibly because this microsatellite marker may be in LD with the 
mutation responsible for the QTL. The within-breed differences observed for the BMP7 
allele frequencies in the BY founder animals may also be contributing for the positioning of 
these QTL in this region, because while in the Berkshire sires BMP7 allele 1 was fixed, the 
frequency of this allele in the Yorkshire dams was 0.39. A detailed analysis of the genes 
present in this region revealed that there are only four genes identified in approximately 660 
kb of sequence, including C20orfl06, TFAP2C, BMP7 and SPOll. Excluding TFAP2C, all 
these genes were mapped in the SSCI7 linkage map, and excluding SPOll all genes were 
individually sequenced. No exonic mutations were detected in C20orfl06 and TFAP2C, but 
we can not rule out that other mutations exist in SPOl 1. However, two BAC end sequences 
that were mapped in this region provided further support for the hypothesis that BMP7 is the 
gene underlying the QTL for meat color detected in this region. It was shown that the BMP 7 
gene is involved in bone growth (ROLDAN et al. 2005) and in stimulation of cell proliferation 
and expression of other genes (TSAI et al. 2003). This gene is expressed in many tissues, 
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including skeletal muscle. However, the role played by BMP7 in the regulation of meat color 
in pigs is still unknown. PigE-90F2 was mapped between C20orfl06 and S0332, while 
RPCI44-332L18 was positioned between BMP7 and SPOll. Further analysis of this last 
BAC end sequence showed that it is part of SPOll intron 11. Both PigE-90F2 and RPCI44-
332L18 were not significantly associated with any of the meat color traits, which supported 
the hypothesis that neither TFAP2C nor SPOll would be the genes responsible for the QTL. 
Furthermore, results from the combined genotype analysis performed using the genotypes for 
S0332, RPCI44-326L12 and BMP7 identified very significant associations with color (P < 
0.004), LABLM (P < 0.003) and LABLH (0.003). The preferred alleles for these markers are 
alleles 112 for S0332 and allele 1 for both RPCI44-326L12 and BMP7, hence an animal with 
genotypes 112-112, 11 and 11 for these three markers was classified as having six favorable 
alleles. Allele 1 at the BMP7 was found to be fixed in the Duroc breed (Table 7), usually 
associated with improved meat quality characteristics. The combined genotype analysis 
revealed significant differences between this group with all other groups, which contained 
from zero to five favorable alleles. Moreover, the haplotype analysis previously performed 
using only the genotypes for RPCI44-326L12 and BMP7 identified a significant (P < 0.05) 
difference between haplotypes 1111 and 2222 for LABLM and LABLH, with the 1111 
haplotype being associated with darker pork color. Overall, these results supported BMP7 as 
a plausible candidate for the gene underlying these meat color QTL. However, the exonic 
mutation used to map this gene did not change the amino acid sequence of the protein and 
introns were not sequenced in the BY founder animals. Therefore, other mutations may exist 
in this region and in order to confirm the role of BMP7 in the genetic control of meat color 
further sequencing must be done in this region, ideally also including the genomic regions 
between BMP7 and S0332 and SPOll. This approach will be useful to identify and test other 
mutations that may possibly be located in this region. 
The most significant QTL peak for color was positioned at 104 cM, along with 
significant peaks for LABLM and LABLH. The gene that was mapped closer to this position 
is RAE1, located at 104.6 cM. However, results from the single gene association analysis for 
marker in the BY population did not reveal any significant associations of RAEl with the 
three color traits. This is another situation where the presence of a ghost QTL can not be 
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discarded, since there are two blocks of markers flanking RAE1 that are strongly associated 
with the meat color traits, namely the already mentioned block formed by S0332, RPCI44-
326L12 and BMP7 and also a block telomeric to RAE1 that includes seven markers. Results 
from a combined genotype analysis involving PPP4R1L and RAB22A showed that animals 
carrying the favorable alleles for these two genes (genotype 11 for both markers) were 
significantly associated with color (P < 0.02), LABLM (P < 0.004) and LABLH (P < 0.008). 
Similar results were also obtained when a haplotype analysis was carried out using these two 
genes. Overall, these results are in strong agreement with the LD association analysis 
performed with QXPAK, which identified a significant association of RAB22A with all color 
traits analyzed. We also performed a combined genotype and haplotype analysis involving 
PCK1 and PPP4R1L, and results were similar to the ones observed for PPP4R1L and 
RAB22A. Hence, it was not possible to clearly identify which gene was more likely to explain 
the QTL. The region defined by RAE1 and PPP4R1L spans approximately 700 kb of 
sequence and contains additional genes besides the ones that we mapped to SSCI7. The 
VAPB gene, individually sequenced in the present study, was mapped to position 111.6 cM 
using a non-synonymous mutation that resulted in a large amino acid change (proline to 
leucine). Mutations causing amino acid changes that involve proline are interesting because 
proline is the only amino acid that displays a carbon ring structure. Hence, it is possible that 
the structure of the protein may be changed by the addition or subtraction of one proline 
residue. The VAPB gene may potentially play a role in the color QTL detected at position 
104 cM, and one possibility is that the QTL was positioned some cM apart from the mutation 
causing the QTL. However, it is also possible that the causative mutations for these QTL are 
located in other genes that were not analyzed in this study, assuming that the QTL are real 
and are not an artifact caused by the statistical analyses that were performed. 
An analysis of the functions played by each gene revealed that RAB22A is involved in 
the trafficking of molecules between endosomal compartments (KAUPP1 et al. 2002), 
PPP4R1L may be a regulatory subunit of serine/threonine-protein phosphatase 4 (YU et al. 
2001), RAE1 participates in nucleocytoplasmic transport (PRITCHARD et al. 1999) and VAPB 
may be involved in vesicle trafficking (AMAR1LIO et al. 2005). Once again it is hard to 
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prioritize the effect of any of these genes on meat color based on their biological functions 
alone. 
The last SSCI7 region containing significant QTL peaks for meat color was located 
at the end of the q arm of the chromosome. In this region, QTL peaks for color, LABLM and 
LABLH were identified at positions 117, 116 and 116 cM, respectively. We mapped 
C20orfl74 directly under these QTL peaks using a non-synonymous exonic mutation 
(arginine to cysteine, Table 2), but the association analyses performed for this gene did not 
reveal any significant associations with the three color traits. A block of genes displaying 
significant associations with all meat color traits is located in the vicinity of C20orfl 74 and is 
formed by RPCI44-431M20, GNAS, CTSZ and CH242-247L10. It should be noted that 
marker RPCI4-431M20, that was generated using the end sequence of the clone with the 
same designation, is located in GNAS intron 3, while the mutation used to map GNAS was 
discovered on intron 8. The strongest support in this region was found for CTSZ, a gene that 
was significantly associated with all meat color traits in the BY population. These significant 
associations were detected in the single gene analysis and also in combined genotype and 
haplotype analyses involving CTSZ. Animals that carried the favorable 2222 haplotype for 
CTSZ and CH242-247L10 were significantly associated with color (P < 0.007), LABLM (P < 
0.02) and LABLH (P < 0.03). The CTSZ allele 2 is the favorable allele and it was fixed in pig 
breeds associated with better pork quality (Table 7). Similar results were also detected for a 
haplotype analysis that besides these two markers also involved the two GNAS markers. This 
gene has a highly complex imprinted expression pattern in humans and may be involved as a 
modulator or transducer in transmembrane signaling systems (PLAGGE and KELSEY, 2006). 
In addition, association analyses conducted in outbred pig populations also detected a 
significant impact of CTSZ on meat color, even when data from pig commercial lines of 
different genetic backgrounds was analyzed together (results not shown). There were only 
two exonic mutations identified in genes (CTSZ and C20orfl74) mapped to this SSCI7 
region, where strong LD was found at the end of the SSCI 7 q arm. These mutations can both 
have an effect on the color traits. But the data available perhaps is not sufficient to allow the 
separation of the effects from CTSZ and C20orfl74. It is possible that each of these 
mutations has an effect on meat color and that in the Berkshire breed the best combination of 
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alleles has been retained. Additional support for this hypothesis was provided by the 
significant associations between CTSZ and several growth phenotypes available in the 
commercial pig lines analyzed. These lines did not have any Berkshire genes in their 
composition, but segregation of the CTSZ marker was observed. These results showed that 
the favorable meat quality CTSZ allele 2 was associated with slower growth rates, which may 
be a direct consequence of the selection in favor of faster growth that has been applied in 
these lines. The CTSZ protein is a lysosomal cysteine proteinase with a restricted catalytic 
activity (PUZER et al. 2005). Members of the cathepsin gene family have been associated 
with other pork quality traits, including meat color (RAMOS et al. 2005), and therefore can be 
considered good biological candidates to explain variation in pork quality traits. Despite this 
support for CTSZ we can not rule out the possibility that the mutation for these QTL is 
located elsewhere, because in this region there are other genes that have not been sequenced. 
Average lactate and average glycolytic potential: There were QTL peaks for AVLAC 
and AVGP detected at positions 88 and 91 cM in the linkage map. The peaks located at 88 
cM were located in a region close to two markers that were significantly associated with 
AVLAC and AVGP, namely MC3R and C20orfl08 (Table 5). Significant associations with 
these two traits were also detected for PTPN1 and ATP9A. The protein encoded by PTPN1 is 
the founding member of the protein tyrosine phosphatase family and this gene plays a role in 
insulin resistance and type 2 diabetes susceptibility (BENTO et al. 2004; ZABOLOTNY et al. 
2004; FLOREZ et al. 2005), while the ATP9A gene may be involved in the transport of 
phospholipids (ISHIKAWA et al. 1998). Based on the information available, PTPN1 could be 
considered a better biological candidate for glycogen related traits than ATP9A, but this 
should be confirmed experimentally. 
In order to investigate the effect of MC3R and C20orfl08 on these traits we 
performed a combined genotype and haplotype analysis using the genotypes from these two 
genes. However, these analyses did not identify any significant associations of any haplotype 
that included these genes with AVLAC and AVGP. On the other hand, the haplotype formed 
by the favorable alleles at PTPN1 and ATP9A was a significant source of variation for 
AVLAC (P < 0.5) and AVGP (P < 0.05). The lack of significant associations between 
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CYP24A1 and DOK5 with these two traits may indicate that we can possibly be in the 
presence of another ghost QTL, this one conditioned by PTPN1 and ATP9A on one side and 
by MC3R and C20orfl08 on the other. However, genes that were not individually analyzed 
also exist in this region and these genes should be further sequenced and analyzed to 
facilitate the elucidation of these QTL for AVLAC and AVGP. 
The second region with significant QTL peaks for AVLAC and AVGP was located at 
position 91 cM in the linkage map, the same location occupied by AURKA. This gene may 
influence tumor development and progression (SU et al. 2002; YANG et al. 2002), but it is 
unclear at what levels it would affect AVGP and AVLAC. This gene is also a very strong 
positional candidate to explain these QTL. As was the case with other genes in this region, 
AURKA was individually sequenced and three exonic mutations were discovered on exons 4, 
5 and 9. It should be noted that because of its orientation (negative strand) the exon 9 marker 
for this gene appears first in the sequence. This exon 9 mutation was exonic, but did not 
change the amino acid sequence of the protein. In contrast, the mutations discovered on 
exons 4 and 5 were non-synonymous (Table 2). While the exon 5 mutation resulted in a 
valine to alanine amino acid change, the mutation located on exon 4 causes the substitution 
of a leucine with a proline. Both of these mutations were genotyped in the whole BY 
population and they were found to be in complete LD. The mutation located on exon 4 was 
chosen to map the gene because it was the mutation that caused the biggest amino acid 
change (leucine to proline). An identical situation was observed for another gene in this 
region, C20orf32, where two non-synonymous SNPs discovered on exon 3 were also in 
complete LD. Surprisingly, the AURKA mutations located on exons 9 and 4 were not in 
complete LD. Furthermore, single gene association analysis showed that the AURKA exon 4 
mutation was associated with AVLAC and AVGP, but not the mutation on exon 9. In 
addition, no non-synonymous mutations were discovered in the individual sequencing of 
CSTF1, the gene mapped next to AURKA. The two non-synonymous mutations identified in 
C20orf32 could suggest a role of this gene in the AVLAC and AVGP QTL, but the fact that 
this marker did not significantly affect AVLAC made it less likely to be the gene involved. It 
is possible that AURKA is indeed the gene responsible for the AVLAC and AVGP QTL, but 
as the introns of this gene were not sequenced we can not rule out the possibility that a 
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regulatory mutation affecting these traits may exist. In addition, the association between the 
AURKA exon 4 mutation with AVLAC was only suggestive (P < 0.1) and the p-values for the 
association of the CSTF1 exon 3 mutation were more significant than the ones observed for 
AURKA exon 4, even though the CSTF1 exon 3 mutation did not alter the amino acid 
sequence of the protein. Additional sequencing in this region is needed in order to allow the 
identification and testing of all the mutations present in this region, which in turn will 
confirm or discard AURKA as the gene responsible for the AVLAC and AVGP QTL. 
Finally, QTL for AVLAC and AVGP were also detected at 108 and 107 cM, 
respectively, and this is the same position where PCK1 is mapped. The PCK1 gene is the 
main control point for the regulation of gluconeogenesis, hence an excellent biological 
candidate to explain variation in traits like AVLAC and AVGP, that directly relate to glucose 
metabolism. A non-synonymous SNP located on PCK1 exon 10 was used to map this gene. 
However, this mutation was not significantly associated with AVGP and AVLAC, as 
demonstrated by the results from the single gene association analysis. This was not only in 
accordance with the results observed for other genes in the vicinity of PCK1, but also with 
the LD association and QTL segment analyses from QXPAK (Figures 3 and 4). Hence, it is 
unclear why these QTL were located in this region. One explanation may be the allele 
frequencies registered at the PCK1 gene for the Berkshire and Yorkshire founder animals 
(allele 2 fixed in Berkshire and with a 0.28 frequency in Yorkshire), since the least-squares 
regression interval mapping method used is greatly influenced by within-breed differences. 
Another possibility may be that the causative mutation for the QTL is in LD with S0332 and 
RPCI44-326L12. As the other genes that exist in the region were not individually sequenced, 
it is possible that other mutations exist affecting these QTL traits. 
Allele frequencies for each pig population 
The Duroc breed had one fixed allele at five of the seven markers analyzed, including 
AURKA exon 4, C20orf32, BMP7, VAPB, CTSZ and C20orfl74. The Duroc breed is well 
known for its improved meat quality characteristics and this breed carried the favorable allele 
for meat quality for all markers analyzed. Similar results were detected in the Berkshire 
breed, since the allele associated with better pork quality was found to be predominant at the 
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AURKA, C20orf32, BMP7 and CTSZ loci. These results were not surprising because the 
Berkshire breed, like Duroc, characteristically displays good meat quality parameters. One of 
the reasons that may explain the slightly higher variability observed for the Berkshire breed 
at these loci is the less intense selection pressure applied in this breed. The higher selection 
pressure undergone by the Duroc breed may explain the differences with Berkshire detected 
at the BMP7 and VAPB loci, markers fixed in Duroc but segregating in Berkshire. Another 
interesting finding was the differences observed between the two Berkshire boars used to set 
up the BY population and the Berkshire sample analyzed. For BMP7, PPP4R11 and VAPB 
the two boars were fixed for allele 1 at all loci, but the same allele was detected at different 
frequencies in the 24 Berkshire animals genotyped, including the detection of a new allele at 
PPP4R1L. The reasons for these differences are not clear, but in the future a larger sample of 
unrelated Berkshire individuals should be analyzed in order to determine the frequencies at 
these loci. The Landrace and Yorkshire breeds were segregating for all markers, an 
indication of the lack of selection for meat quality traits in these maternal breeds. 
CONCLUSIONS 
The identification of the mutations responsible for complex traits of livestock and 
other species remains one the greatest challenges faced by geneticists. In this study we used a 
variety of different approaches in the dissection of meat quality QTL detected on SSCI 7. 
A significant number of markers were added to the SSCI7 linkage map. Some of 
these markers were mapped using the end sequence of BAC clones covering the QTL region. 
Provided that a BAC physical map is available, this strategy is very useful to add genetic 
markers in gene poor regions. The largest contig of pig sequence ever assembled to date was 
another step necessary for the dissection of these QTL. A targeted regional genome assembly 
strategy was developed and is now available to be used in other species and different studies. 
The sequencing and annotation of the SSCI7 region confirmed the extensive conservation 
that exists between this chromosome and HSA20. Innovative QTL mapping approaches were 
also used in finding the SSCI7 regions more likely to contain the causative mutations for the 
QTL. The potential role of BMP7 on meat color and of AURKA on AVGP and AVLAC was 
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supported with results from QTL mapping, sequence and association analyses results, but 
additional sequencing of the regions where these genes are located will be necessary to 
confirm or discard the results of this study. 
In the future, it is likely that molecular data will be generated at a much faster pace. 
This study demonstrated that in order to analyze every possibility a shift towards fast, 
efficient and reliable sequencing and genotyping approaches will be needed. 
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Table 1 - Information regarding the gene markers mapped to SSCI7, including primer sequences, PCR annealing temperature 
used, position of SNPs, restriction enzymes utilized and PCR-RFLP fragment sizes. 
Gene" Primer sequence (5' - 3') 
Fragment Annealing SNP Restriction 






































































209, 48 (allele 1) 
159, 50, 48 (allele 2) 
251, 118 (allele 1) 
165, 118, 86 (allele 2) 
384, 65, 7 (allele 1) 
313, 71, 65, 7 (allele 2) 
464 (allele 1) 
317, 147 (allele 2) 
236, 165, 69 (allele 1 ) 
236, 143,69 (allele 2) 
120 (allele 1) 
97, 23 (allele 2) 
394, 80, 55 (allele 1) 
256, 138, 80,55 (allele 2) 
637 (allele 1) 
507, 130 (allele 2) 
323, 149, 145 (allele 1 ) 
233, 149, 145, 90 (allele 2) 
a The genes mapped included chromosome 20 open reading frame 108 (C20orfl08), cleavage stimulation factor, 3' pre-RNA, subunit 1, 50kDa (CSTF1), 
aurora kinase A (AURKA), chromosome 20 open reading frame 32 (C20orf32), chromosome 20 open reading frame 43 (C20orf43), chromosome 20 open 
reading frame 106 (C20orfl06), bone morphogenetic protein 7 (BMP7), protein phosphatase 4, regulatory subunit 1-like (PPP4R1L), VAMP (vesicle-
associated membrane proteins-associated protein B and C (VAPB) and chromosome 20 open reading frame 174 (C20orfl74). * The SNP detected 
PPP4R1L exon 10 was not within a restriction enzyme recognition site. This marker was genotyped by sequencing the entire BY pedigree, reason why 
information regarding restriction enzyme and allele sizes is indicated. 
Table 2 - Information for the 30 genetic markers mapped under the QTL peaks in the SSC17 linkage map with 41 markers. For 
each marker the position in the linkage (cM) and sequence (kb) maps is indicated, together with the type of SNP, amino acid 
change and allele frequencies in the Berkshire and Yorkshire founder animals 
Marker PTPN1 ATP9A CYP24A1 DOK5 MC3R C20orfl08 AURKAE9 AURKA_E4 CSTF1 C20orf32 
Linkage map 
(cM) 
80,6 83.7 85.7 87.7 87.7 88.6 90.6 92 92.4 93.5 
Sequence map 
(kb) 
192-261" 1,111-1,247 3,318-3,339 3,600-3,751 5,077-5,078 5,151-5,162 5,164-5,183 5,164-5,183 5,181-5.193 5,200-5,240 
SNP type Exonic (S)'' Intronic Exonic (S) Intronic Exonic (S) Intronic Exonic (S) Exonic (NS)'1 Exonic (S) Exonic (NS) 
a.a. change n.a.' n.a.' n.a.' n.a.' n.a.' n.a. ' Leu to Pro n.a.' His to Arg 
Allele 1 freq. 
Berkshire 0.75 0 0 1 1 0 1 1 1 0 
Yorkshire 0,25 1 I 0 0 ( 0 0 0 I 
Allele 2 freq. 
Berkshire 1 0.78 0.56 0.61 0.78 0.11 0.78 0.89 0,78 0.33 
Yorkshire 0 0.22 0.44 0.39 0.22 0.89 0.22 0.11 0,22 0.67 






SPOII RAE1 PCK1 
Linkage map 
(cM) 
95 95 95 96 97.7 99.4 101.1 103.3 104.6 107.5 
Sequence map 
(kb) 
5,250-5,294 5,296-5,298 5,420 5,561 5,616 5,794-5,886 5,953 5.940-5.955 5,961-5,977 6,140-6,146 
SNP type Intronic Intronic n.a.'' n.a.'/ n.a.1' Exonic (S) Intronic Intronic Intronic Exonic (NS) 
a.a change n.a.' n.a.' n.a.' n.a.' n.a.' n.a. ' n.a.' He to Val 
Allele 1 freq. 
Berkshire 0 0 0.75 1 1 0 0 1 0 
Yorkshire I I 0.25 0 0 1 1 0 1 
Allele 2 freq. 
Berkshire 0.17 0.17 0.44 0.61 0.39 0.61 0.61 0.39 0.72 
Yorkshire 0.X3 0.83 0.56 0.39 0.61 0.39 0.39 0.61 0.28 
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" The position of each gene in the sequence map regards the size of the SSC17 region spanned by each marker; ' (S) synonymous exonic mutations; (NS) 
non-synonymous exonic mutations; ' No amino acid changes can be considered for intronic or exonic synonymous mutations, as well as for microsatellites 
and markers derived from the end sequences of BAC clones; '' the type of SNP (intronic or exonic) can not be determined for microsatellites and BAC end 
sequence markers because these are not genes; 
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Table 3 - Least Squares means and standard errors for the association analysis of ATP9A, 
CYP24A1, DOK5, RPCI44-326L12, BMP7 and PPP4R1L with color, 48 hour Minolta L 
score (LABLM) and 48 hour Hunter L score (LABLH) in F2 Berkshire x Yorkshire 
individuals 
Color LABLM LABLH 
ATP9A P < 0.044x P < 0.003 P < 0.006 
11 3.17 ±0.06' 22.40 ±0.41c 47.29 ± 0.43a 
12 3.22 ±0.04° 22.49 ± 0.27e 47.37 ± 0.28e 
22 3.31 ±0.04d 21.51 ±0.27df 46.43 ± 0.29b f 
CYP24A1 P< 0.01 P< 0.003 P< 0.003 
11 3.23 ± 0.11e 21.72 ±0.72e'f 46.59 ± 0.75e'f 
12 3.16 ± 0.04e 22.75 ± 0.29e 47.68 ±0.3 Ie 
22 3.30 ± 0.03f 21.74 ±0.24f 46.62 ± 0.25f 
DOK5 P< 0.046 P< 0.009 P < 0.022 
11 3.30 ± 0.03e 21.68 ± 0.26e 46.60 ± 0.28e 
12 3.18 ± 0.04d 22.62 ±0.29f 47.48 ± 0.3 lf 
22 3.25 ± 0.09cd 22.18 ± 0.57ef 47.09 ± 0.60ef 
RPCI44-326L12 P< 0.216 P < 0.002 P < 0.004 
11 3.28 ± 0.03" 21.61 ± 0.26e 46.54 ± 0.27" 
12 3.24 ±0.04"'" 22.47 ± 0.29f 47.31 ±0.31d 
22 3.14 ±0.08" 23.20 ± 0.5 lf 48.15 ±0.54f 
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BMP? P< 0.195 P< 0.037 P < 0.033 
11 3.30 ±0.04' 21.62 ±0.27c 46.47 ± 0.28c 
12 3.21 ±0.03b 22.33 ±0.25d 47.23 ± 0.26d 
22 3.24 ± 0.07ab 22.58 ±0.45d 47.51 ±0.47d 
PPP4R1L P< 0.008 P< 0.007 P < 0.012 
11 3.31 ±0.03ec 21.65 ±0.24ae 46.54 ± 0.26e 
12 3.19 ± 0.04f 22.54 ±0.27f 47.43 ±0.29f 
22 3.11 ± 0.08d 22.60 ±0.56b 47.47 ±0.58f 
' P-value for the gene effect in the statistical model applied for each gene and trait; Significance levels for the 
differences between genotypic means: a, b = p < 0.1; c, d = p < 0.05; e, f = p < 0.01. 
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Table 4 - Least Squares means and standard errors for RAB22A, VAPB, RPCI44-431M20, 
GNAS, CTSZ and CH242-247L10 for the color, 48 hour Minolta L score (LABLM) and 48 
hour Hunter L score (LABLH) traits in F2 Berkshire x Yorkshire individuals 
Trait 
Color LABLM LABLH 
RAB22A P< 0.005* P < 0.001 P < 0.003 
11 3.32 ± 0.03e'c 21.56 ±0.24ec 46.46 ± 0.26ec 
12 3.19 ± 0.040f 22.57 ± 0.26f 47.46 ±0.28f 
22 3.11 ±0.08d 22.74 ±0.54d 47.63 ± 0.56d 
VAPB P< 0.015 P< 0.003 P < 0.006 
11 3.30 ±0.03" 21.71 ± 0.23e 46.65 ± 0.25e 
12 3.18 ± 0.04d 22.66 ±0.30f 47.54 ± 0.32f 
RPCI44-431M20 P < 0.012 P < 0.011 P < 0.014 
11 3.11 ±0.05ec 22.91 ± 0.39ce 47.83 ± 0.41c'e 
12 3.29 ± 0.03f 22.01 ±0.26d 46.90 ± 0.28d 
22 3.26 ± 0.05d 21.54 ±0.34f 46.44 ±0.36f 
GNAS P< 0.0.10 P< 0.020 P < 0.024 
11 3.11 ±0.05ec 22.88 ±0.38c e 47.81 ± 0.41ce 
12 3.29 ±0.03' 22.00 ±0.25d 46.90 ± 0.27d 
22 3.26 ± 0.05d 21.60 ±0.35f 46.50 ±0.37f 
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CTSZ P< 0.005 P< 0.003 P < 0.006 
11 3.07 ± 0.07c e 23.10 ± 0.47e 47.99 ± 0.50e 
12 3.22 ± 0.04da 22.37 ±0.27c 47.25 ± 0.29c 
22 3.31 ±0.03fb 21.62 ±0.25fd 46.52 ± 0.27" 
CH242-247L10 P < 0.009 P< 0.001 P < 0.001 
11 3.26 ± 0.05e 21.44 ± 0.34e 46.34 ± 0.36e 
12 3.29 ± 0.03e 22.00 ± 0.26e 46.89 ± 0.28e 
22 3.12 ± 0.05df 23.06 ±0.36f 48.00 ±0.39f 
1 P-value for the gene effect in the statistical model applied for each gene and trait; Significance levels for the 
differences between genotypic means: a, b = p < 0.1; c, d = p < 0.05; e, f = p < 0.01. 
Table 5 - Least Squares means and standard errors for PTPN1, MC3R, C20orfl08, ATP9A, AURKA (exon 4), CSTF1, 
C20orf32 and RPCI44-326L12 with the average glycolytic potential (AVGP) and average lactate (AVLAC) traits in F2 
Berkshire x Yorkshire individuals 
PTPN1 MC3R C20orfl08 ATP9A 
Trait P 11 12 P 11 12 P 12 22 P 11 12 22 
105.73 102.63 105.71 101.23 99.46 105.40 105.78 106.58 103.00 
AVGP 0.059 ± ± 0.038 ± ± 0.019 ± ± 0.056 ± ± ± 
1.16' 1.58" 1.06' 2.14d 2.51' 1.01d 2.07'" 1.28' 1.29d 
87.91 85.76 87.83 84.96 84.22 87.58 88.41 88.66 85.72 
AVLAC 0.091 ± ± 0.089 ± ± 0.089 ± ± 0.036 ± ± ± 
0.87" 1.20" 0.81" 1.66" 1.97" 0.80" 1.6 r" 0.99' 0.99d 
AURKA (exon 4) CSTF1 C20ori32 RPC144-326L12 
Trait P 11 12 P 11 12 P 12 22 P 11 12 22 
105.42 100.04 105.43 100.12 100.87 105.41 103.65 107.20 104.01 
AVGP 0.029 ± ± 0.018 ± ± 0.043 ± ± 0.072 ± ± ± 
1.02' 2.45d 1.08' 2.22" 2.20' 1.04d 1.24' 1.44d 2.58'-" 
87.64 84.45 87.56 84.09 85.16 87.57 86.09 89.06 88.27 
AVLAC 0.097 ± ± 0.045 ± ± 0.167 ± ± 0.054 ± ± ± 
0.79" 1.91" 0.82' 1.72" 1.71 0.80 0.96' 1.12" 2.01c,d 
v P-value for the gene effect in the statistical model applied for each gene and trait; Significance levels for the differences between genotypic means: 
a, b = p < 0.1; c, d = p < 0.05; e, f = p < 0.01. 
Table 6 - Least Squares means and standard errors for ATP9A, CYP24A1, DOK5, RPCI44-326L12, RPCI44-431M20, GNAS, 
CTSZ and CH242-247L10 with average drip percentage (AVDRIP) traits in F2 Berkshire x Yorkshire individuals 
ATP9A CYP24A1 DOK5 RPCI44-326L12 
Trait P 11 12 22 P 11 12 22 P 11 12 22 P 11 12 22 
6.12 5.98 5.49 5.54 6.20 5.58 5.55 6.07 6.08 5.56 5.98 6.42 
AVDRIP 0.005 ± ± ± 0.002 ± ± ± 0.012 ± ± ± 0.007 ± ± ± 
0.24' 0.16e 0.16d'f 0.42e'f 0.17e 0.14' 0.15e 0.17' 0.33e' 0.16" 0.18" 0.30' 
RPCI44-431M20 GNAS CTSZ CH242-247L10 
Trait P 11 12 22 P 11 12 22 P 11 12 22 P 11 12 22 
6.35 5.64 5.62 6.35 5.67 5.66 6.34 5.83 5.63 5.55 5.65 6.33 
AVDRIP 0.004 ± ± ± 0.008 ± ± ± 0.045 ± ± ± 0.002 ± ± ± 
0.22e 0.14f 0.19' 0.22' 0.14f 0.20' 0.28^ 0.16" 0.15" 0.20e 0.15e 0.21' 
1 P-value for the gene effect in the statistical model applied for each gene and trait; Significance levels for the differences between genotypic means: a, b = p 
< 0.1; c, d = p < 0.05; e, f = p < 0.01. 
Table 7 - Allele frequencies in several pig breeds for gene markers mapped to SSCI7 using non-synonymous exonic mutations 
AURKA C20or02 BMP? PCK1 " PPP4R1L* VAPB CTSZ C2orf174 
Pig breed6 1 2 1 2 1 2 1 2 A c G 1 2 1 2 1 2 
Landrace 0.75 0.25 0.35 0.65 0.6 0.4 0.22 0.78 0.73 0.27 0 0.81 0.19 0.55 0.45 0.75 0.25 
Yorkshire 0.91 0.09 0.09 0.91 0.28 0.72 0.81 0.19 0.41 0 0.59 0.56 0.44 0.63 0.37 0.91 0.09 
Berkshire 0.94 0.06 0 1 0.63 0.37 0 1 0.28 0.31 0.41 0.41 0.59 0 1 0.94 0.06 
Duroc 1 0 0 1 1 0 0.18 0.82 0.83 0 0.17 1 0 0 1 1 0 
Synthetic' 0.53 0.47 0.46 0.54 1 0 0.5 0.5 1 0 0 1 0 0.35 0.65 0.S3 0.47 
" The exonic mutation genotyped for BMP 7 was synonymous; ' For PPP4R1L, alleles A and G were the only alleles originally detected in the founder 
animals of the BY population, but sequencing of animals from different pig breeds revealed another allele (C) at the same locus. Allele C was present in the 
sample of Berkshire pigs analyzed to determine the allele frequencies of PPP4R1L in this breed;c Frequencies for alleles 1 and 2 in different pig breeds for 
the markers analyzed; '' Commercial pig population with mixed genetic background, e Allele frequencies for each marker within each breed were calculated 
in 24 individuals, except for PPP4R1L, a marker for which only 16 animals were genotyped. 
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Figure 1 - F-statistic curves from an univariate F2 QTL analysis using QTL Express, 
indicating QTL position estimates for color, 48 hour Minolta L score (LABLM) and 48 hour 
Hunter L score (LABLH). The SSCI7 relative position (in cM) is indicated on the x axis. 
The y axis indicates the F-statistic values. The chromosome-wise 5% and 1% significance 
thresholds are represented by a solid and a dashed line, respectively. The 1% and 5% 
chromosome-wise significance levels were estimated to be 7.08 and 5.38, respectively, while 
the 1% and 5% genome-wise significance levels used were 9.96 and 8.22, respectively. 
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•AVDRIP —B—AVLAC —A—AVGP 1%CW 5% CW 
1 11 21 31 41 51 61 71 81 91 101 111 121 
Figure 2 - F-statistic curves from an univariate F2 QTL analysis using QTL Express, 
indicating QTL position estimates for average drip percentage (AVDRIP), average lactate 
(AVLAC) and average glycolytic potential (AVGP). The SSCI7 relative position (in cM) is 
indicated on the x axis. The y axis indicates the F-statistic values. The chromosome-wise 5% 
and 1% significance thresholds are represented by a solid and a dashed line, respectively. The 
1% and 5% chromosome-wise significance levels were estimated to be 7.08 and 5.38, 
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Markers 
Figure 3 - Likelihood profiles from the linkage disequilibrium association analyses 
performed for average glycolytic potential (AVGP) and 48 hour Minolta L score (LABLM). 
The order of the markers, determined using an SSCI7 linkage map with 33 markers, is 
indicated on the x axis. The y axis indicates the log likelihood values. The names of the 
markers presenting significant associations are indicated in boxes. 
132 
— L A B L M  L A B L H  C o l o r  - x -  A V L A C  - * - A V G P  
25 I 
Segments 
Figure 4 - Log likelihood profiles of the QTL segment mapping analysis done using QXPAK 
for 48 hour Minolta L score (LABLM), 48 hour Hunter L score (LABLH), color, average 
lactate (AVLAC) and average glycolytic potential (AVGP). The x axis contains the 
chromosomal segments defined by the positions of the markers on the SSCI7 linkage map 
with 33 markers. The y axis indicates the log likelihood values. 
The segments analyzed were defined by two flanking markers, namely SW335 to SWR1004 
(segment 1), SWR1004 to SW2441 (segment 2), SW2441 to SIGLEC1 (segment 3), 
SIGLEC1 to MYLK2 (segment 4), MYLK2 to ASIP (segment 5), ASIP to S0292 (segment 
6), S0292 to S0359 (segment 7), S0359 to PKIG (segment 8), PKIG to MMP9 (segment 9), 
MMP9 to PTPNl (segment 10), PTPNl to ATP9A (segment 11), ATP9A to CYP24A1 
(segment 12), CYP24A1 to MC3R/DOK5 (segment 13), MC3R/DOK5 to AURKA (segment 
14), AURKA to CSTF1 (segment 15), CSTF1 to C20orf43 (segment 16), C20orf43 to PigE-
90F2 (segment 17), PigE-90F2 to S0332 (segment 18), S0332 to RPCI44-326L12 (segment 
19), RPCI44-326L12 to RPCI44-332L18 (segment 20), RPCI44-332L18to SPOll (segment 
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21), SP011 to RAE1 (segment 22), RAE1 to PCK1 (segment 23), PCK1 to RAB22A 
(segment 24), RAB22A to RPCI44-431M20 (segment 25), RPCI44-431M20to GNAS 
(segment 26), GNAS to CTSZ (segment 27), CTSZ to CH242-247L10 (segment 28), CH242-
247L10to SW2431 (segment 29), SW2431 to PPP1R3D (segment 30) and PPP1R3D to 
SW2427 (segment 31). 
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CHAPTER 6. GENERAL CONCLUSIONS AND DISCUSSION 
GENERAL CONCLUSIONS 
The research objectives of this thesis were to determine phenotypic correlations for 
fresh and dry-cured ham processing quality traits, to identify genetic markers associated with 
dry-cured ham production traits, to increase the marker density in a QTL region for meat 
quality traits on SSCI7 and to dissect this QTL region in the search for causative mutations 
responsible for the observed QTL. The ultimate goal of these projects is to contribute to a 
more efficient utilization of molecular genetic marker information in the improvement of 
traits of economic importance for pig production. 
The objective of the work presented in chapter 2 "Phenotypic correlations among 
processing quality traits of fresh and dry-cured hams" was to characterize the relationships 
that exist between relevant traits for the production of Country Hams, a type of dry-cured 
ham produced in the Southeastern USA. This work demonstrated that yield and cured weight 
of hams were positively correlated with a variety of meat quality traits, including pH, color 
and firmness. Assuming that increases in yield will translate into an increased sales volume, 
then there is great potential in using pork with improved meat quality parameters in the 
production of Country Hams. This study also indicated that traits measured in fresh hams 
affect dry-cured ham traits. The correlations determined will be useful to understand the 
relationships between pork quality traits. 
The goal of Chapter 3 "Genetic markers for the production of dry-cured hams" was to 
investigate the effect on dry-cured ham production traits of genetic markers developed in 
genes anticipated to play a role in biological processes relevant in the manufacturing process 
of dry-cured hams, such as proteolysis and lipolysis. This study identified several genetic 
markers significantly associated with cured weight, yield, color and other pork quality.traits. 
Some of the markers significantly affecting these traits included markers in members of the 
cathepsin gene family (CTSB and CTSF) and genes involved in lipid metabolism (SCO). 
This information is now available and can be used in improvements programs of dry-cured 
ham traits. 
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The purpose of Chapter 4 "Mapping of 21 genetic markers to a QTL region for meat 
quality on pig chromosome 17" was to increase the marker density under a QTL region for* 
the meat quality QTL region located on SSCI7. Adding markers to the linkage maps 
available is one of the building blocks of any positional cloning project. The SSCI 7 marker 
density was significantly improved and the distances between markers located in the SSCI7 
QTL region were greatly reduced. This study also confirmed the expected homology between 
pig chromosome 17 and human chromosome 20. 
The aim of Chapter 5 "Combining fine mapping and genome sequencing for the 
molecular dissection of pig SSCI7 meat quality QTL" was to identify the genomic regions 
on SSCI7 more likely to contain the causative mutations for the QTL and to further dissect 
these regions in the search for these mutations. As part of this project the first significant and 
continuous stretch of pig genomic sequence was assembled. This study also proposed new 
strategies for the analysis of molecular marker data, including strategies to regionally 
assemble genomes and to identify genetic markers that can be used to cover genomic regions 
of low gene density. In addition, innovative QTL mapping approaches were also applied to 
analyze the available data. One of the main conclusions of this work was the identification of 
AURKA and BMP7 as the genes that possibly contain the causative mutations for the QTL. 
In addition, other markers in strong disequilibrium with the QTL traits were also detected. 
GENERAL DISCUSSION 
The production of high quality transformed pork products, such as dry-cured hams, is 
appealing for many producers because of the potential profit that can be made. In fact, 
consumers' demand for these products has been on the rise, a tendency that likely is a result 
of the increased awareness showed by consumers regarding the food they ingest. These 
traditional pork products are usually associated with traditional and safe production practices, 
and this is appealing to many consumers. However, little attention has been devoted to 
characterization and improvement of traits relevant for the production of dry-cured hams. 
Application of modern animal breeding techniques in the production of Country Hams holds 
great potential, but in order to be implemented information on important parameters, such as 
phenotypic and genetic correlations, must be available. In the future, an effort to collect this 
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information in the context of Country Ham production must be taken. Chapter 2 provided an 
initial step towards this direction, by determining phenotypic correlations between a variety 
of traits collected in fresh and dry-cured hams. 
Even when all the information is available there are still some traits in pig production 
that are more challenging than others. One example is meat quality, whose main problem is 
the fact that meat quality phenotypes can only be collected after harvesting the animals, thus 
making the animal's use in pig breeding schemes impossible. The identification of genetic 
markers positively associated with traits of interest for Country Ham production will help in 
solving this problem. Upon identification of genetic markers positively associated with the 
trait, genetic tests can be developed and used in the selection of pigs with improved pork 
quality. By using these genetic tests it is possible to predict the performance of the animal 
without the need of sacrificing the animal. One additional advantage is that the screening of 
animals that carry the preferred genotypes associated with better pork can be done at an early 
stage of the animal's life, increasing the intensity of selection and, consequently, accelerating 
genetic progress. In the case that one given animal has the wrong combination of alleles at 
markers associated with pork quality, it is also possible to reduce costs by removing these 
animals from the breeding schemes and focus on the animals carrying the desirable 
haplotypes. Furthermore, genetic markers significantly associated with traits measured in the 
fresh hams can also be tested in other pig populations, even if the main purpose of those 
populations is not the production of dry-cured hams. This is further emphasized by the 
growing importance placed on pork quality by nearly all the elements of the pork production 
chain, from consumers to producers. Several markers significantly associated with pork 
quality were identified in the study described in Chapter 3. These markers can be used for 
genetic improvement purposes and in the sorting of animals with favorable characteristics for 
either fresh or dry-cured pork products. 
In order to conduct a positional cloning project the first step needs to aim at 
increasing the maker density in the QTL region of interest. Chapter 4 is one example of this 
strategy, since it reports an effort that was made to fine map the meat quality QTL detected 
on SSCI7. After several of these genes were added to the linkage map the distance between 
markers was reduced to regions of manageable size to be further studied with greater detail. 
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In the future, it is possible that the importance of genetic linkage maps will decline in species 
•«with more advanced genomic resources. However, these maps will continue to be very 
helpful, especially in species where less genomic studies exist. 
The work presented in Chapter 5 involved a variety of innovative and traditional 
approaches to elucidate the nature of the SSCI7 QTL for meat quality. This study applied 
several analyses uncommon in the literature so far. However, the traditional single trait QTL 
analyses also have other problems that can complicate the dissection of QTL, such as poor 
positioning of the QTL. In addition, characteristics inherent to each population, such as size 
of the population, also affect the analyses that are performed on the data. If the size of the 
mapping population is not satisfactory, then little recombination events will occur. This in 
turn affects the precision with which QTL position estimates are determined. Poorly 
positioned QTL will be very problematic to be further analyzed, having the potential of 
misleading researchers whose aim is the identification of the mutations responsible for the 
QTL. Hence, it is evident that in the future QTL data needs to be analyzed with different 
approaches, such as epistasis QTL mapping. 
In the near future, the full sequence of the pig genome will also be available. This will 
open up many research possibilities and facilitate the research being done in many areas of 
pig production. However, the extraordinary pace at which molecular data are generated needs 
to be followed by a consequent increase in our ability to analyze, understand and integrate 
information coming from areas like quantitative genetics, genome sequencing and gene 
expression, otherwise it may take several years until the results of these research efforts can 
be applied in modern pig breeding schemes. 
